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1. Papers should be submitted to the editor for the appropriate country. Papers submitted 
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notes. The preparation of progress reports and review articles is invited by the editors from time to 
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2. Only papers that have not been previously published can be accepted for publication in 
Deep-Sea Research. 
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ordered at the time the first proofs are returned. A reprint order form will be sent with the galley 
proofs. 
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will not be published elsewhere in the same form, in English or in any other language, without the 
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factors as a footnote. 
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the date of publication, in parentheses, following the author’s name. References should be listed 
together at the end of each paper and not given as footnotes. They should be arranged in alphabetical 
order (first author’s surname) to appear as follows : 

BULLARD E. C. (1954) Heatflow through the floor of the ocean. 
Deep-Sea Res. 1, 65-66. 
PETTERSSON H. and Rotscui H. (1952) The nickel content of deep- 
sea deposits. Geochim. et Cosmochim. Acta 2, 81-90. 
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5. The text of articles submitted should be concise and in a readily understandable style. The : 
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the head of the paper. 
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An observation of a deep countercurrent in the Western 
North Atlantic 


J. C. SWALLow* and L. V. WorRTHINGTONT 
(Received 26 May 1960) 


INTRODUCTION 


THE DEPTH of the level of no motion under the Gulf Stream has been a matter of 
interest to oceanographers for many years, and widely-varying estimates of the volume- 
transport have been arrived at, according to the choice of reference level. DteTricu 
(1936) used the oxygen-minimum as a reference surface, at a depth of about 800 
metres, but it was pointed out by Rosssy (1936) that this choice implied the existence 
of a deep counter-current with a transport more than double that in the upper layers. 
ISELIN (1936) in his study of the circulation of the western North Atlantic, presented 
currents calculated relative to the 2000-decibar surface, and from the observations 
available at that time it appeared that the dynamic topography in the deeper water 
was relatively weak. DEFANT (1941) chose a surface of no motion sloping downwards 
from west to east, at a depth of about 1500 m under the Gulf Stream off Cape Hatteras, 
and calculated southward velocities of the order of 3 to 6 cm/sec at 2000 m depth. 
The high oxygen content of the deep water in this region was recognized as being 
consistent with a southward flow (ISELIN, 1936) but the notion of a current increasing 
in velocity towards the bottom was rejected by many oceanographers as unlikely 
(SVERDRUP ef al., 1942, p. 456). 

Three recent developments led to renewed interest in this problem and to the 
measurements described here. During the last few years the R.V. Atlantis of the Woods 
Hole Oceanographic Institution has made a number of more detailed hydrographic 
sections across the Gulf Stream, paying particular attention to the deep water, and 
it has become clear that the steep temperature gradients across the stream, already 
well known in the upper layers, persist all the way to the bottom (Fic. |, Cape Romain 
Sect.). This implies, if the geostrophic equation is valid, a relatively strong narrow 
flow in the deep water, northward if the reference level is at the bottom, or southward 
below any mid-water reference level. No satisfactory choice could be made from 
considerations of continuity from one section to another, nor from the temperature- 
salinity relationship of the water masses themselves. 

At the same time, STOMMEL (1956, 1957) devised a theoretical model of the circula- 
tion of the Atlantic Ocean which required, as an essential feature, the existence of a 
narrow southward current in the deep water at the western boundary. 

A suitable instrument for making direct measurements of such a current was 
recently developed (SwALLow, 1955, 1957) in the form of a neutrally-buoyant float, 
and it was arranged that the R.V. Af/antis should co-operate with the R.R.S. Discovery 
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II of the British National Institute of Oceanography in current-measuring and water- 
sampling, in an attempt to detect the south-going current and to locate the level of 
no motion. 

Parachute drogues (VOLKMANN, KNAuss and VINE, 1956) were also available 
for current measurements at all depths, and a new method had been devised by 
A. S. LAUGHTON for measuring currents very near the bottom using an underwater 
camera. 


OEPTH METRES 


CAPE ROMAIN 


MAES WO 200 


Fic. 1. Temperature Section, Cape Romain to Bermuda, made by Aflantis in June 1955. 


It was planned that the At/antis would first find the region of steep temperature 
gradients in the deep water, and then the Discovery IJ would make current measure- 
ments whilst the Atlantis occupied more hydrographic stations in the same area. 
Previous work had shown that, north of Cape Hatteras, the deep temperature 
gradients lay under the surface stream, and it was thought that surface currents 
of several knots would make deep current-measuring difficult. STOMMEL suggested 
that the most favourable area would be off Cape Romain, South Carolina, where 
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the surface stream flows over the Blake Plateau, and the deep temperature gradients 
are found farther off-shore at the foot of the continental slope. Farther south, the 
deep ‘emperature gradients become weaker, and it was decided to work as near as 
was practicable to the point of departure of the surface stream from the Blake Plateau. 


METHODS OF MEASURING CURRENTS 


In tracking neutrally-buoyant floats or parachute drogues, the accuracy of the measurement is 
limited by uncertainties in fixing the ship’s position. The area chosen for the present measurements 
was within the ground-wave coverage of Loran stations 1H6 and 1H7, and good fixes could be 
obtained from them at most times. For the greater part of the work, the Loran readings were com- 
bined with radar fixes on an anchored buoy. This allowed averaging over groups of Loran readings, 
giving an improvement in accuracy and an estimate of the remaining uncertainty. 

The parachute drogues, and their method of use, have been fully described by VOLKMANN, KNAUSS 
and VINE (1956), and the same technique was used in the present measurements, except that more 
use was made of radar in fixing the drogues. Although it seemed possible that a fairly strong deep 
countercurrent, of the order of 10 cm/sec, might be detected by this means, the results with the deep 
drogues were rendered uncertain by strong variable winds and surface currents, and only the measure- 
ments in the upper layers are considered reliable. Surface currents were measured occasionally 
by releasing fluorescein dye near the anchored buoy, and tracking it for a few hours. 

One successful measurement of current near the bottom was made by the photographic method. 
A deep-sea camera (LAUGHTON, 1957) was mounted on a tripod looking vertically downward, and 
took a series of 60 photographs while on the bottom for 24 minutes. The orientation and tilt of the 
tripod were obtained from a combined compass and clinometer in the field of view. Two methods of 
current registration were used. First, drops of neutrally-buoyant aniline were ejected into the water 
from a spring-loaded hypodermic syringe. The velocities were higher than expected however, pro- 
ducing a large number of small drops (more than one per picture) so that only the direction and not 
the speed of the current could be obtained from them. The second method used was to observe the 
deflection from the vertical of a free-flooding ping-pong ball suspended on a thin thread. This angle 
could be calculated from the photographs, dimensions of the camera tripod and ball suspension 
being known. A calibration was made by towing a similar ball suspension in a tank at known veloci- 
ties and measuring the deflection. Unfortunately, in an attempt to make another current measurement, 
the entire assembly was lost. The calibration could not therefore be made on the original ball, and 
one having the mean properties of six different makes was used instead. 

The neutrally-buoyant floats, and the equipment used for receiving their sound signals, have 
already been described (SWALLOW, 1955, 1957). Only a brief account has been given previously 
of the method of operation, and some further details are given below. 

First, the float has to be loaded to make it sink to the required depth. This load is calculated 
as follows. Each complete float is made neutrally-buoyant in a tank of salt water of known density 
and temperature. This adjustment is made to within | gm in a float weighing 10 kg, or 1 in 104. 
Suppose the density is py at temperature Ty). Then the density of the float at depth D meters, where 
the temperature is 7, will be approximately 


Po (1 +kD— a(T — Ty)) 


where k is the bulk compressibility of the float, per metre depth change, and « is the coefficient of 
volume expansion of the float material. For the tubes used, k was 15(+ 1) x 10-7 per metre, and 
a was 69 x 10-® per °C. 

If the density of the sea water at the required depth D is p (in situ) obtained from observations 
of temperature and salinity, then the extra load needed to make the float sink to that depth is 


po (1 + KD — «(T — 
where M is the mass of the float. 
An allowance has to be made for movement of the rubber sealing rings in the end plugs, under 
pressure, and for the extra compressibility of the insulation on the transducer winding. Previous 
experience suggested that the calculated load should be reduced by 6 gms to allow for these effects. 
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Each float was tested for leaks, and for satisfactory working of its sound transmitter, by lowering 
it On a wire to more than the required working depth (usually 3000 m). If all was well when the 
float was recovered, the calculated load would be added and the float dropped over the side at a chosen 
position. They take three or four hours to sink to the stable depth, and usually no fixes were taken 
during that period. 

Bearings could be obtained on the acoustic transmitter by stopping the ship head-to-wind and 
putting two hydrophones over the side, about 30m apart. As the ship fell away from the wind 
direction, the path difference between the signals arriving at the two hydrophones was observed as 
a function of the bearing of the ship’s head relative to north. Fic. 2 is a block diagram of the receiving 
equipment. The path difference was measured as a time delay on an oscilloscope. It was usually 
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AMPLIFIER 


HY OROPHONE HYOROPHONE 
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Fic. 2. Block diagram of receiving equipment. 


in the range 0 to 20 milliseconds and could be estimated with an accuracy of about $ milli-second. 
The amplifiers were tuned to 10 kc/s, with a bandwidth of about 500 c/s. In taking a bearing, a 
series of from six to ten readings of the time difference t was taken, while the ship’s head swung 
through an arc of about 60”. If /,,,, is the time difference that would be observed with the ship heading 
directly towards the float, then 


t = tmax COs (¢ — 9) 


where ¢ is the heading of the ship, and @ is the bearing of the float, relative to north (Fic. 3). To 
determine @ and fmax from the series of observations of t and ¢, rays were plotted at successive values 


NORTH 


HYDROPHONES, | 


Fic. 3. Taking a bearing on a float. 


of 4, and lines were drawn at right angles to them at distances from the centre proportional to the 
corresponding values of r.- These lines should all pass through a point, at a distance proportional 
{0 fmax from the centre and on the ray making an angle @ with north (Fic. 4a). 
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Three or more bearings were taken in quick succession from different positions, their intersection 
defining the position of the float in a horizontal plane. It usually took about an hour to complete 
three bearings, in the R.R.S. Discovery II. To determine the ship’s position, radar fixes and Loran 


Magnetic North 


FLOAT D 
FIX 20 


Fic. 4a. Part of laboratory plotting sheet. 


readings were usually taken before and after each bearing. In most cases, the bearings intersected 
sufficiently well (Fic. 4b) for the position of the float to be determined relative to the anchored buoy 
with an error of less than 0-2 km, so that the six Loran fixes could be run together to give a mean 
Loran position for the float at the mean time of taking the bearings. To simplify the transferring of 
these fixes, a Loran plotting sheet for the area on a scale of | in. to the mile (1 cm to 0-73 km) was 
made by interpolation from Loran tables (USNHO Pub. 221). A minimum estimate of the uncer- 


tainty of the mean position could be obtained from the scatter of the individual Loran readings; 
this will be discussed below. 
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Fic. 4b. Part of a navigational plotting sheet. 


When current-measurements were in progress, the deck officer on watch, assisted by one member 
of the scientific party, took the radar and Loran readings and kept a plot of the ship’s movements 
relative to the anchored buoy on a | in. to the mile plotting sheet. At the same time, two others in 
the laboratory below took the oscilloscope readings and plotted them against ship’s head to obtain 
bearings on the float, putting out hydrophones and recovering them as required. As each bearing 
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was obtained, it was transferred to the navigational plotting sheet, and a suitable position was then 
chosen for taking the next bearing. Fic. 4a is an example of the laboratory plot for obtaining bearings, 
and Fic. 4b is part of a navigational plotting sheet. 

Some of the floats moved quickly out of radar range of an anchored buoy and, instead of anchor- 
ing more buoys, tracking was continued using Loran only, the ship’s positions being plotted directly 
on the large scale Loran plotting sheet. 

The depth at which a float has stabilized itself can be estimated, each time a bearing is taken, 
from the observed value of t,,4, and the horizontal distance between the float and the ship. Fic. 5 
is a vertical section showing the ship heading directly towards the float, when a time difference tax 
will be observed. If / is the distance between the hydrophones, and the velocity of sound in the surface 


Fic. 5. Estimating the depth of a float. 


layer of water is Vy, then //V, is the maximum time difference that would be observed if the float 
were at the surface, and when it is submerged the ratio Vp tmax// is the cosine of the angle between 
the horizontal and the rays arriving at the ship. Assuming that, below a relatively thin surface layer, 
sounds travel from the depth of the float with a uniform velocity V,,, the angle 5 between the sound 
rays and the horizontal, over most of their path, will be given by 


tmax 
Or are cos 


L 


V 


0 


5 = arc cos 


The horizontal range, s, is obtained from the radar plot of the ship’s position as each bearing is taken 
(Fic. 4b) and the depth A is given by 
h = stan 8 


The mean velocity V,, can be obtained from the vertical profile of temperature and salinity, using 
suitable tables (e.g. MATTHEWS, 1939). A value of the depth can thus be calculated for each bearing. 
The individual estimates show considerable scatter, but the mean value is usually within one or two 
hundred metres of the expected depth. Part of the scatter arises from uncertainties in the relative 
positions of the ship as determined by radar, and movements of the float and anchored buoy during 
a group of bearings. When Loran only was used, the uncertainties of relative positions were often 
too great for useful depth calculations to be made. 

As a check on the validity of the assumption that a mean sound velocity may be used, the ray 
paths were calculated in detail in a few cases. The error introduced in the calculated depth by using 
the mean velocity was only a few tenths of one per cent and may be neglected. 

To obtain the currents from the sequence of Loran fixes onthe drifting floats, the positions were 
plotted on 1 in. to the mile scale. The north-south and east-west components were then plotted 
separately against time. Straight lines were then fitted by least squares to these displacement-time 
curves; in some cases where a change in the current seems to have occurred, the sequence was divided 
into two parts and separate lines fitted. The components of current derived from the slopes of these 
lines were then recombined to give the resultant velocities and directions of the mean currents. 
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ACCURACY OF NAVIGATION 


Estimates of the r.m.s. error of a single Loran observation on the Discovery II were made from the 
scatter in the readings taken at each fix on a float. During the first part of the cruise, 82 pairs of 
Loran readings were taken during 20 fixes on a single float, and the r.m.s. error of a single Loran 
reading was 3-8 us on 1H6 and 3-9 us on 1H7. Some readings were missed because of poor reception, 
particularly on 1H7 at night. In the second part, 441 pairs of readings were taken during 73 fixes 
on floats; and the r.m.s. error of a single reading was 1-9 ws on 1H6 and 1-8 us on 1H7. The decrease 
in scatter was due partly to improvements in the antenna system for the Loran receiver, and partly 
to increased operating experience. These correspond approximately to an r.m.s. error in position, 
for a single Loran reading, of 1-1 km in the first part and 0-6 km in the second part. 

Systematic Loran errors due to fluctuations in propagation paths and lack of synchronism in 
transmitted pulses were unlikely to exceed 1 ys (PIERCE ef al., 1948) since we were within the normal 
ground-wave area for these stations. Systematic differences between receivers, of 1 or 2 micro- 
seconds, were found on a few occasions when simultaneous fixes were taken from the two ships 
and their relative positions were measured at the same time by radar. The Atlantis Loran positions 
were adjusted to make them consistent with those of the Discovery II, but the existence of these 
differences suggests that the instrumental contribution to the error of absolute position may be about 
0-6 km. 

A single Loran fix on the Discovery I] would then have an r.m.s. error of approximately 1:3 km 
in the first part of the cruise, and 0-9 km in the second part. 

Fixes on floats, being based on from 4 to 8 pairs of Loran readings, should be self-consistent 
to within about 0.6 km in the first part, and 0.3 km in the second part, assuming that the instrumental 
Loran errors are fixed. The observed residuals from fitted straight lines are slightly greater, 0-7 km 
for the first float (B) and 0-6 km for the remainder. The residuals were analyzed for periodicities, 
but nothing significant was found. 

On board the Atlantis, Loran fixes were taken at the beginning and end of each hydrographic 
station, on a receiver on the bridge, and a fix was taken on another receiver in the laboratory when 
the deep cast was put down. The accuracy of fixes could not be estimated from the scatter of these 
readings, since the drift due to surface current and wind was insufficiently well known, and sometimes 
the ship was manoeuvered to reduce the hydrographic wire angle. It is assumed that the r.m.s. error 


of a station position is approximately 0-9 km, and the error relative to the float positions is approxi- 
mately 0-6 km. 


DIRECT CURRENT MEASUREMENTS 


Durring the first part of the cruise, from March 4th to 11th, work was confined to a small area 
near 32° 29’N, 75° 21’W. The weather was poor, and both ships were hove-to for two of the eight 
days. Seven parachute drogues were laid, but some were never seen again and only three were tracked 
for a day or more. Three neutrally-buoyant floats were used but only one gave a useful measurement. 
The first one laid was abandoned after one fix, after the Discovery II had collided with the anchored 
buoy and spent one night lying-to, with the buoy and its floats wrapped round the screw. A new 
buoy was anchored 6 km west of the previous position and another float (B) was released near it, 
loaded for 2000 m depth (Table 2). This float was tracked for two days, and then the weather turned 
bad. When work was resumed two days later, a third float was launched, loaded for 700 m, since it 
seemed likely that float B’s batteries would have run down. The new float could not be found at 
first fix, but the old one was heard giving a weak signal, and tracking was continued for another day, 
when the Discovery IJ had to leave the area in order to refuel at Charleston, S.C. 

In the second part of the cruise an area 75 km to the north-west, closer to the surface Gulf Stream, 
was chosen, and current measurements were continued from March 17th to April 2nd. Six parachute 
drogues were laid, four of which were followed for periods up to 3} days. Eight neutrally-buoyant 
floats were used, seven of which moved in directions between south and south-west at depths exceed- 
ing 2500 m. The first one laid, D, moved slowly south-west for three days, when a shallower one, E, 
was laid. Both floats were followed for another two days, the deeper one continuing south-west 
and the shallower one moving first north, then curving westwards. Both were abandoned on March 
22nd and two more floats, F and G, were launched next day, loaded for 2500 m. They were 7 km 
apart in an east-west direction, and both moved slightly west of south at about one-sixth of a knot. 
Float G was the slower, and converged towards float F. Deeper measurements were started on March 
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26th, when floats H and I were launched, loaded for 2800 m. Again they were laid 7 km apart, and 
about 6 km north of the starting point for floats F and G. Both moved quickly south, H making 
about 4 knot and I about } knot. Again, the slower eastern track converged towards the other. 
These two floats went quickly out of radar range of the anchored buoy, and tracking continued using 
Loran only. They were abandoned on March 29th, by which time float H had travelled 41 km, 
and had caught up with another float previously abandoned (probably F). In the afternoon of 
March 29th the bottom current was measured using the photographic method, near the beginning 
of the track of float I. The direction of flow was very close to south. 

Two more floats (J and K) were launched early next day, loaded for 2800 m. One of them was 
intended to be in the track of the previous fast-moving float H, and the other was 7 km to the west. 
Another bottom-current measurement was attempted in the afternoon, but the camera and tripod 
were lost due to the wire parting when only 150 m remained to be recovered. Tracking continued 
on the two floats and a parachute drogue, float J being followed until a.m. April 2nd. 

The results of the current measurements are summarized below. Table | gives all the measurements 
with parachute drogues and surface dye markers. The surface currents are seen to be variable in 
strength and direction, but generally of the order of half a knot to the north-east. The two drogue 
measurements at 10 m depth both show a current of the order of 35 cm/sec slightly south of east, 
though the direction may have been influenced by wind, which was from 330° in both cases. The 
measurements at 200 m and 700 m indicate a northward or north-eastward flow in the upper layers, 
the latter being particularly convincing since it moved upwind, though the observed current may be 
too small on this account. 

The three deepest parachute drogues all moved approximately north-east at about 0-1 knot. 
Such small currents are hardly significant in view of the shear, which may be of the order of 50 cm/sec 
between surface and bottom. The drogues at 2700 m and 2800 m might have been expected to move 
south, but it is possible that the strong shear may have prevented the parachutes from reaching 
their full depth 

The neutrally-buoyant float results are presented in Table 2. The seven measurements at depths 
below 2000 m show southward movement, and although large variations were found at given depths, 
a general increase towards the bottom is indicated. It seems likely that the mean depths, of 2580 m 
for floats D, F and G, and 2840 m for H, I, J and K, are more reliable measures of the depths reached 
by these floats than the individual determinations are. The large scatter, from 2760 m to 2910 m 
at a nominal depth of 2800 m, is probably not genuine, in view of the close similarity of design of 
the floats and the accuracy of adjustment of densities. The very small mean current observed with 
float B, shows that, at that time and place, the level of no motion was very close to 2000 m in 
depth. 

Table 3 shows the results obtained with the bottom-current meter. Fluctuations in direction, 
exceeding the uncertainty of measurement, were observed with both the suspended ball and the 
aniline drops. These may be genuine, but are more probably due to instability of the ball or to tur- 
bulence caused by the presence of the tripod framework. The velocity obtained from the deflection 
of the ball is comparable with that of float I nearby at 2800 m depth ; the lower velocity obtained 
from dispersal of the mud cloud, formed on touching the sea floor, may be due to diffusion upstream 


or to its being nearer the bottom. 


THE METHOD OF COMPUTING THE VELOCITY PROFILES AND 
TRANSPORT OF THE DEEP COUNTERCURRENT 


VOLUME 


All that has been described so far has been concerned with the direct current 
measurements themselves. In order to provide velocity profiles and estimates of 
the volume transport of the deep countercurrent, the physical data, consisting of 
temperature and salinity observations must be related to these direct measurements. 
This has been done by means of the classical geostrophic equation. 

Atlantis made an initial oceanographic section to establish where the deep geos- 
trophic gradients were strongest and subsequently made a number of sections intended 
to cross the deep countercurrent in such a way as to intercept the path of a drifting 
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float. When a section successfully crossed the path of a float, only one direct measure- 
ment was available. On the basis of this one measurement, the level of no motion 
between the pair of stations on either side of the float could be easily determined. 

This was done by first computing the velocity between the two stations relative 
to an arbitrary level, usually 1500 m, and drawing a curve for velocity versus depth. 
The observed velocity (the component of the float’s drift at right angles to the pair 
of stations) was plotted on the same graph at the depth of the float. Then the velocity 
depth curve was corrected at all levels by the difference between the observed velocity 
and the velocity given by the original curve at the float’s depth. The depth at which 
the corrected curve crossed the 0 velocity line was taken to be the depth of the level 
of no motion. 

So far, no assumptions had been made beyond those always made in dynamic 
computations, but in ascribing levels of no motion to other pairs of stations a further 
assumption was made. This was that the level of no motion between these stations 
fell at the same potential temperature surface as it did between stations where direct 
measurements were available. 

The potential temperature/salinity relationship in this region is extremely reliable. 
The average deviation from the mean 9/S curve is only 0-0035%,. In consequence, 
a potential temperature surface represents a potential density (7@) surface. These 
a@ surfaces sloped downwards in an offshore direction and the surfaces taken as 
levels of no motion in this work, always fell in a region of small vertical shear. They 
are in accord with DEFANT’s (1941) requirements for the determination of the level 
of no motion. If one were to assume, for example, that the potential density surface 
at the position of the float was a constant velocity surface, the result would be that 
large volume transports would occur at the ends of the sections where little or no 
geostrophic gradients occurred. 

The dynamic computations were performed according to Helland-Hansen’s 
formula given in PROUDMAN (1953, pp. 64 and 65), with one important exception. 
This was that instead of using the individual temperature and salinity, an average 
potential temperature vs. salinity curve was used to determine the specific volume 
anomaly (10° 5) at temperatures below the 4° isotherm, which lies at a depth of 
about 1500 metres in the region where the measurements were made. This was 
done because the 9/S relationship is extremely reliable in this part of the Atlantic 
and also (since this was known beforehand) because salinity samples were not drawn 
on many of the stations. 

The average deviation from a smooth 9/S curve on this cruise was 0-0035%, 
of salinity, (based on 538 observations below the 4° isotherm). Since this figure 
approaches that of the sensitivity of the Woods Hole salinometer (Schleicher and 
Bradshaw, 1956),* it seemed better to assume that the small irregularities which do 
occur are more likely to be caused by errors in the water sampling and analysis than 
by any real change in the 9/S relationship in the ocean. Another reason why this 
method is preferred, is that error of analysis with the salinometer cannot be expected 
to be random. The instrument was standardized against Copenhagen Standard water 
at the beginning and end of each day’s work, (about 125 samples). If one day’s 

*It can be appreciated that salinity values obtained by Knudsen titration would be entirely 
= dynamic computations of this kind since the errors of that method are about 7 times 
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standardization differs by as little as 0-002%, from that of the next day, a measurable 
difference in 10° 8 can result; moreover, the instrument drifted during the course of a 
day’s work by as much as 0-004%, (average 0-003%,). Provided that this drift is at a con- 
stant rate no inaccuracy results, but it is by no means certain that the drift is constant. 

Both these sources of error are of the sort which would tend toward very small 
but systematic error in salinity. In North Atlantic deep water, an error of 0-003%, 
in salinity (at constant temperature) results in an error of 0-23 in 10°85. This error 
is negligible if it is a random error, occurring on either side of the true 8/S curve with 
more or less the same frequency, but if it is a systematic error occurring only on one 
side of the @/S curve it becomes serious. An error of 0-23 in 10° 8 compounded 
over a 1000 metre water column causes an error in dynamic height of 0.0023 dynamic 
metres. In latitude 33°, where these observations were made, this would result in a 
systematic velocity error of 3 cm/sec if the stations concerned are 10 km apart ; 
this amount makes a considerable difference in determining the level of no motion. 
However, a random error remains even if the @/S curve is exact since there is an 
uncertainty of 0-01°C in each observation of temperature. This results in an un- 
certainty of velocity of | cm/sec, if the float is 1000 m below the reference level, 
and the stations are 10 km apart. An uncertainty of twice this amount (in addition to 
the systematic error) results if the individual temperature and salinity values are used. 

Above the 4° isotherm the temperature/salinity relationship is less reliable and 
the values of 10° 5 were obtained from the individual values of temperature and salinity 
at each Nansen bottle. 

The volume transports were computed simply according to area x velocity. Trans- 
ports were obtained for each standard depth interval between each pair of stations. 
The mean of the velocities at the top and bottom of each layer was used. 

Since the observations were made across a sloping ocean floor, there were small 
areas adjacent to the bottom which fell below the greatest depth of observation at 
the inshore stations of each pair. In these cases, it was assumed that the velocity 
remained unchanged below the deepest standard depth. The size of these areas was 
determined by planimeter after the bottom contour had been drawn in. These areas 
were quite small since a 200m standard depth interval was used and most of the 
stations extended almost to the bottom, (33 per cent of the stations extended to the 
bottom itself and 72 per cent to within 100 metres of the bottom). 


THE ATLANTIS SECTIONS 

2-4 March 

The first section (stations 5476-5483) was made by Aflantis before the arrival 
of Discovery II. \ts purpose was to establish where the strongest deep pressure 
gradients were to be found, so that the floats could be properly placed. The best spot 
seemed to be at about 32° 30’N 75° 20’W;; here the slope of the deep isotherms was 
the steepest. The depth at this position is 3700 metres, which is well up the continental 
slope from the abyssal plain (5200 m) as had been expected from the Cape Romain 
section (Fic. 1). 


6 March 
The first successful float, B, was launched in this region and remained there, 
almost stationary, at a depth of 2070 metres for four and a half days. 
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6-7 March 


While this float was drifting at this level, Section II (stations 5484-5489) was 
made across the position of the float, bracketing it between stations 5485 and 5486. 
The level of no motion was assumed to be 2070 metres between these stations as 
indicated by the float. A potential temperature of 3-44° was found at 2070 metres 
at the float (the average potential temperature of stations 5485 and 5486 at that 
depth) and this potential temperature surface was assumed to be motionless between 
the other pairs of stations on this section, as described in the previous chapter on 
methods of computation. The resulting velocity profile (F1G. 6) shows a consistent 
southerly current below the reference level. The volume transport of this current was 
3-5 million m*/sec. Most subsequent sections showed larger volume transports 
and it may be that the section was too short. This was the only section in the first 
part of the cruise which crossed the track of a float. However, two more sections 
(1 and Il) were made before both ships went into Charleston. Section I was the 
exploratory section already described and Section III was made at the conclusion 
of the first half of the cruise to see whether the deep gradients were any stronger to 
the north. 

It seems reasonable to assign the same temperature to the reference level on these 
two sections, particularly since the first two sections made after leaving Charleston 
showed a potential temperature of 3-43° at the reference level, a change of only 0-01°. 
The velocity profile of Section I (FiG. 7) shows a stronger southerly current than 
that of Section Il. The current seems to be divided into two halves with almost no 
transport taking place between stations 5479 and 5480. The total transport of the 
undercurrent in the section was 6-8 million m*/sec. It is possible that the offshore 
half of the current is not the undercurrent proper (its salinities are slightly higher 
at the same potential temperature). If this is taken to be the case, the volume transport 
(stations 5479-5483) is reduced to 4-1 million m/sec, a figure in better agreement 
with those of subsequent sections. These were admittedly shorter. 


11-12 March 


Section III (FiG. 8) revealed that the gradients were indeed stronger to the north 
of the first working area and it was decided to move to the neighbourhood of this 
section for the second half of the work. The current was far narrower and swifter 
than before although roughly the same volume transport was computed; 4-4 million 
m*/sec. The surface velocities of the Florida Current were much stronger as was to 
be expected but were not, as it turned out, sufficiently strong to hamper the deep 
measurements. 

During the second half of the cruise, most of the stations consisted of one series 
of eleven bottles which extended from 1500 metres to the bottom in most cases. 
It was clearly desirable to make the stations as rapidly as possible, since in many 
cases two floats were adrift at the same time, and it was felt that the undercurrent 
lay wholly below the 1500 metre level. In retrospect, it would perhaps have been 
better to have extended these stations up to the 1200 metre level in order to include 
more of the northward ‘flowing water but this would have decreased the density 
of the observations in the undercurrent itself. 
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16 March 


After leaving Charleston, Discovery II preceded Atlantis to the new operating 
area which was centred at 33° 03’N, 75° 45’W. Section III had indicated that the 
strongest deep currents should be found above the 3150 metre depth contour. 


17-18 March 


Float D was launched at this contour and Aflantis made her fourth section 
(stations 5499-5504) across the path of this float, bracketing it between stations 5500 
and 5501. The southerly component of velocity at right angles to these stations 
was measured by the float as 3-7 cm/sec at 2580 metres. The level of no motion 
between these two stations was 1950 metres and the potential temperature at that 
depth was 3-43°. The velocity section (Section IV, Fic. 9) shows a remarkably 
steady and symmetrical southerly current; this is probably due in part to the somewhat 
wider spacing of stations, (about 18 km). The volume transport of this current was 
computed at 4-1 million m*/sec. The float was not in the swiftest part of the under- 
current which seemed to have meandered about 20 km offshore between the times of 
Section III and Section IV. 

The next section was delayed partly by bad weather and partly because Atlantis 
took an injured scientist from Discovery I] in to Morehead City for medical treatment. 
By this time, float D was still working but it was drifting much more slowly. 


22 March 

Atlantis made a short section (No. V, stations 5506-5510, Fic. 10) across the path 
of float D making no effort to cross the entire current but getting another estimate 
of the level of no motion. Float D’s track was crossed between stations 5507 and 
5508 and it showed a velocity component of 0-91 cm/sec at right angles to a line 
drawn between these stations. The computations gave a level of no motion at 2150 
metres and the potential temperature surface used for this section was 3-43°, the 
same value as that of the previous section. 


23-24 March 


Following this Atlantis made two sections, one at 33° 10’N and the other at 
33° 03’N. The intention was to cross the undercurrent both north and south of 
floats F and G, which had been launched on 23 March. However, insufficient allowance 
was made for the southerly drift of these floats which was double that of float D. 
Consequently, the northerly section of the two (stations 5511-5520) did not approach 
the track of either float closely enough to calculate a reference level from it. The 
reference level, therefore, was assumed to lie at the same potential temperature 
surface (3-68°), as the southerly section which immediately followed it. 

The northerly section (No. VI, Fic. 11) is the most complicated. This is due in 
part to the close spacing of the stations, which averaged 8 kilometres, but there is no 
question about the reality of the streakiness in the crosscurrent pressure gradients. 
No navigational error can be expected to cause a reversal in the computed current 
direction such as appears between stations 5516 and 5517, and the highest velocity 
values are found between the most widely spaced pair of stations, 5516 and 5517, 
which is the reverse of what one would expect from a navigational error. The com- 
puted volume transport of this section was 4-4 million m/sec. 
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24-25 March 

The southerly section (No. VII, stations 5521-5528, Fic. 12) is not so streaky 
although the station interval averaged only 9 km. For this section the drift of float 
G was used since F was already more than 11 km to the south before the section 
crossed its track. Float G passed between stations 5524 and 5525 at a depth of 
2580 m with a velocity of 7-08 cm/sec at right angles to the stations. The calculated 
level of no motion was 1640 metres and the 3-68° potential isotherm was used as a 
reference level for the remainder of the section. The southerly volume transport 
of the undercurrent relative to that surface was 5-0 million m/sec. It is difficult 
to see any continuity of current between these two sections. The high velocity zone 
between stations 5515 and 5516 on Section VI can probably be connected with the 
high velocity zone between 5524 and 5525 on Section VII. Other highs and lows can 
be connected but with decreasing reliability. 


26 March 

On the morning of 26 March, Discovery //] launched floats H and I loaded for 
2800 metres and Atlantis began a square pattern of stations intended to cross the 
tracks of these floats. Bad weather forced her to stop after 4 stations, all to the 
east of these floats. Fortunately, two of these stations 5529 and 5532 crossed the 
path of float G, 6km apart. It was consequently possible to get another estimate 
of the level of no motion, which fell at 1820 metres and at a potential temperature of 
3-54° a figure well within the limits of the previous measurements. 


27 March 
A whole day was lost by Atlantis, hove to in heavy weather, but before midnight 
on 27 March she was able to resume work. 


27-28 March 

Three pairs of stations (5533-5534, 5535-5538 and 5536-5537) were made across 
the paths of floats H and I but unless the level of no motion lay much shallower 
than 1500 m the spacing of these stations was too wide to measure the true slopes 
of the isobaric surfaces and in consequence the computed currents are far slower 
than the observed. The narrowest spacing (13 km) was between stations 5533 and 
5534 where the computed southward velocity (relative to the 3-68° potential isotherm) 
was 4 cm/sec at 2840 m the depth of floats H and I, whereas, the observed component 
of velocity at right angles to these stations was 17 cm/sec for float H and 12 cm/sec 
for float I. It can be seen from Fic. 12 that a station spacing of 13 km would result 
in diminished calculated velocities and a broader, slower flow. 


28 March 

Immediately following these stations, a section was made with an average station 
interval of 3 km, (stations 5538-5542). The southward computed velocities at 2840 m 
were 23 cm/sec between 5538 and 5539 and 12 cm/sec between 5539 and 5540. These 
velocities would go very well with floats H and I respectively, although the value 
of 23 cm/sec is rather too high for float H, but unfortunately both pairs of stations 
would have to be moved about 3 km to the west in order to cross the track of 
the floats. (These velocities were calculated relative to the 3-68° isotherm as 


before). 
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Float H was already 20 km to the south at the time the stations were made and 
float I was 4 km to the south since At/antis again made insufficient allowance for the 
southerly drift of the floats. In consequence, all that the closely spaced section did 
establish was that geostrophic currents sufficiently strong to carry the floats at 
their maximum velocity could be calculated from the distribution of density. The 
high value of 23 cm/sec is possibly due to navigational error since stations 5538 and 
5539 were only 1-9 km apart, the shortest station interval of the cruise. 

Aboard Atlantis only rapid and rudimentary current calculations were made 
and the importance of bracketing the floats closely in time as well as in space was not 
properly appreciated. This apparently caused no great damage to the measurements 
involving the shallower floats, B to G, but the oceanographic observations on the 
deeper (2840 m) floats, H to K were not adequate since at that depth the pressure 
field evidently fluctuates more rapidly with time. 

On the morning of 29 March, Atlantis left the working area in order to start 
the final oceanographic section. This section, it had been agreed, was to include the 
entire Florida Current as well as the deep undercurrent. The first station, 5547 was 
at 33° O1'N, 73° 30’W, about 220 km east of the working area. The stations consisted 
of two series except on the shelf and while crossing the tracks of floats J and K when 
only one series was made. Again, it seems, the oceanographic measurements were 
not adequate ; only half the velocity of these floats could be accounted for by the 
dynamic calculations unless the level of no motion were raised to 1000 m. While 
this could possibly have been the case, it seemed more sensible to assume that the 
true slopes of the isobaric surfaces were missed by Af/antis and that the level of no 
motion lay at some greater depth. The potential isothermal surface of 3-56°, a median 
value obtained from earlier measurements, was used as a reference level for this 
section. 

On the basis of the existing stations, no satisfactory level of no motion could be 
obtained by using the deep floats, H-K. This is thought to be due mainly to the 
streakiness of the currents at 2840 m which required station intervals to be much 
closer than they were both in position and, particularly, timing. 


30-31 March 


This final section (No. VIII, Fic. 13) took two days to complete and gave a com- 
puted volume transport for the Florida Current (above the reference level) of 63-6 
million m/sec, stations 5549-5561. The volume of the southerly undercurrent 
(stations 5549-5558) came to 6-7 million m*/sec, and that of the shallow inshore 
countercurrent 0-5 million (stations 5561-5563). The net northerly transport through 
this section was, therefore, 56-4 million m/sec. 

At first glance, it does not appear that an undercurrent of only 6-7 million m*/sec 
can be of much importance to the water budget of the western North Atlantic, but 
it becomes extremely important when the net transport of 56-4 million m*/sec is 
compared to the value obtained when the bottom is used as a reference surface. 

If the direction of the southerly undercurrent is reversed by using the bottom as a 
reference surface, the northerly volume transport becomes 7:2 million m*/sec (a 
slightly larger figure because the vertical shear is usually greater towards the bottom). 
In addition to this, between each pair of stations the transport above the intermediate 
reference level must be increased by an amount equal to the area included between 
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the stations (above the reference level) times the velocity at the intermediate level. 
This comes to the more substantial figure of 16-2 million m*/sec. 

Accordingly, the net transport relative to the bottom in this section is 63-6, 
+ 7-2, + 16-2, — 0-5 (the inshore countercurrent), or 86-5 million m°/sec, an increase 
of 30-1 million. This increase is roughly equal to MONTGOMERY’s (1941) estimate 
of the total volume transport of the Florida Current between Key West and Havana. 
The establishment of the level of no motion can be seen to be of profound importance 
in estimating the water budget of the western North Atlantic in spite of the rather 
small volume of water transported by the deep countercurrent. 


SUMMARY AND CONCLUSIONS 


The direct measurements of currents, described above, show that southward 
velocities in the range 9-18 cm/sec can be found in the region of steep temperature 
gradients in the deep water off the Blake Plateau. The steadiness of these velocities, 
observed over periods of several days, and the consistent finding of a southward 
movement at depth, whether directly or indirectly observed, at each attempt during 
a period of a month, suggest that the southward flow may be a permanent feature 
of the circulation in that area. 

In other regions, where weak temperature gradients are found, and where a few 
direct measurements of current at comparable depths have been made (SWALLOow, 
1957, SWALLOW and HAmon, 1959) the observed velocities have been in the range 
0-S cm/sec, and variable in direction. The fast-moving southward deep currents 
off the Blake Plateau stand in a similar ratio to these weaker observations as does the 
surface Gulf Stream velocity to typical surface currents in the open ocean, and they 
may therefore perhaps, on account of their magnitude, be fairly described as a deep 
western boundary current. 

Whether a continuous current can be traced in the deep water along a substantial 
part of the western Atlantic remains to be decided by further observations. Re- 
markably similar velocities have been computed by Wusr (1958) at the western 
boundary of the South Atlantic. 

On the assumption that the flow is geostrophic, velocity profiles have been com- 
puted between pairs of hydrographic stations bracketing the tracks of the floats, 
using the directly-observed velocity as a reference, and hence estimates have been 
made of the depth of the level of no motion. On the further assumption that the 
surface of no motion is a surface of constant o@, velocities and volume transports 
have been computed between other pairs of hydrographic stations, leading to estimates 
of the total transport in the deep southward current and, in one case, of the transport 
in the Gulf Stream itself. 

The level of no motion has been shown to lie at a depth of about 1900 m, off the 
Blake Plateau. This intermediate reference surface is consistent with that chosen by 
DEFANT (1941), but difficulties are encountered in extending the use of this reference 
surface to larger areas. 

STOMMEL’s (1957) thermohaline model of the Atlantic circulation, which inspired 
the measurements here described, is strongly supported by the demonstration that 
fast-moving southerly currents can exist in the deep water at the western boundary 
of the North Atlantic. 


Contribution No. 1129 from the Woods Hole Oceanographic Institution. 
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The magnetic field astern of a ship 
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Abstract—The magnetisation of a ship may be divided into a permanent and an induced part. If 
the induced part is a linear function of the field components and the permanent part is independent 
of them, the disturbance of the total force by the ship contains a term independent of magnetic 
heading and terms proportional to the sine and cosine of the heading and of twice the heading, the 
sine terms being less than a tenth of the cosine terms. 

The variation with distance astern of the ship is similar to that due to a pole near the bow and 
one near the stern plus a line of vertical dipoles. 

These results are verified by experiment. The disturbance of the field by Discovery II and by 
Sarsia is less than 10 y at a distance of 2 ship’s lengths astern. It is believed that this result will hold 
for most ships. A method for the determination of the principal coefficients and their variation 
with distance is described. 


INTRODUCTION 


MEASUREMENTS of the total force of the earth’s magnetic field over the oceans are 
commonly made by a magnetometer towed behind a ship. It is necessary to tow 
the magnetometer so far astern that the magnetic disturbance produced by the ship 
is negligible or to make a correction for it. The purpose of this paper is to describe 
measurements that have been made of the disturbance, to discuss the results in relation 
to theory and to derive rules for judging when a correction is needed. 

The measurements were made in Discovery // in July and August 1956 using 
a proton magnetometer (HILL, 1959) and a fluxgate magnetometer. Further measure- 
ments were made in Sarsia in 1957 using the proton magnetometer. 

The magnetic effect of a ship will vary with position relative to the ship, with the 
ship’s heading and with the fteld in which the ship is placed. The theory of the varia- 
tion with heading is relatively simple, the only assumption required being that the 
magnetisation of the ship can be divided into two parts, one an induced magnetisation 
proportional to the applied field and the other a permanent magnetisation independent 
of the field. To find the variation with distance from the ship assumptions must be 
made about the distribution of magnetic pole. We consider first the variation with 
ships heading. The theory is closely related to that of the deviation of the compass 
(EVANS and SmiTH, 1901). 


EFFECT OF SHIPS HEADING 


Consider a ferromagnetic ship of arbitrary shape placed in the earth’s field and 
let the longitudinal, transverse and vertical components of the field be L, T and Z, 
the positive directions being towards the bow, to starboard and downwards. The 
field at any point will then be compounded of the earth’s field, the field produced by 
induced magnetisation of the ship and that produced by permanent magnetisation. 
For fields as small as the earth’s, the induced magnetisation may be regarded as a 
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linear function of the components of the applied field and hysteresis may be neglected. 
Under these circumstances the longitudinal, transverse and downward components 
of the field (Lo, Tg, Zg) at a point Q fixed relative to the ship will be 
-Aay,L + Ayo T T + P, 
Qo T T Z P, (1) 
Z + Ay, L + + + Py 
where the a’s are constant describing the contribution to the field from the induced 
magnetisation of the ship and P,, P, and P; are the components of the field produced 
by permanent magnetisation. The a’s and P’s are independent of the applied field, 
but are functions of position relative to the ship. Fo, the total field at Q, is 
Fo = (Lg? + Tg? + 
If the disturbance produced by the ship is small compared with the earth’s field 
the squares and products of the a’s and P’s may be neglected (in the present work 
the neglected terms are always less than | y, i.e. 10-5 gauss) and 


Fo F if [ai L2 T doo T? T As, Z* (Ayo (dog T Ago) 


T T ZL T P, L P,T T P,Z|F-', (2) 


where F is the magnitude of the applied field. If the magnetic heading of the ship, 
measured from north through east, is @ 
L= Hecos@, T= — Hsin8@, 
where H is the horizontal component of the earth’s field. Substituting this in (2) 
gives 
Fo — F+-C, + C, cos @ + C, cos 20 + S, sin @ + S, sin 28, 


where 
[ (ay, T H? T Aw T P,Z|F 


+ + P,] HF"? 
[ (dog Z P,| HF 
S, = 4 (dy. + H? F-'. J 


This shows that if the total field is measured at a point fixed relative to the ship as a 
function of the ship’s heading and expressed as a Fourier series, only a constant 
term and sine and cosine terms in the heading and twice the heading should occur. 
This provides a stringent check on the assumption of linearity made in (1). The 
best method of investigating this point is to tow two magnetometers at different 
distances and steam in a circle. The difference between the readings of the two is 
then largely free from the effects of changes of field with time and position over the 
ground. We have no complete set of observations of this kind. A set of observations 
was made while the ship steamed in deep water around a circle about one kilometre 
in diameter towing the proton magnetometer at a distance of 57 m astern of the ship. 
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The circle was described first while turning to starboard and then while turning to 
port. The mean of the two sets of observations is free from the effects of a linear varia- 
tion of field with position relative to the ground. 227 observations were taken, averaged 
in groups of five and interpolated to intervals of 15° in magnetic heading. The means 
of the two sets taken while turning to starboard and to port are compared with (3) 
in Fic 1. The standard deviation of the 15° means from (3) is 1-9 y and shows no 
systematic trend. The assumption of linearity is therefore a very good approximation. 

The expressions (4) apply to a ship of arbitrary shape. An actual ship’s hull has 
a vertical fore and aft plane of symmetry, and if Q lies in this plane 


Az, = = = = 0. 


The effects of magnetisation by a transverse field are usually small and dg, is likely 
to be unimportant. For observations in the plane of symmetry P, is produced by 
permanent transverse magnetisation and will also be small. The terms in a3 and dg, 
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Fic. 1. Variation of measured field with ship’s course. The measurements were made 57 m 
astern of the ship. The curve is (3) with the constants chosen to give the best fit to the observa- 
tions. 


represent respectively the longitudinal field produced by vertical magnetisation and 
the vertical field produced by longitudinal magnetisation; at a point near the surface 
of the sea and well astern of the ship these will be small. Omitting these terms (4) 
becomes 


Co = (3 + Z? + P,Z) F-! = Hoos] + (ag3Z + Ps) sin J 
C, = P, HF-" = P, cos / 
= 4a,, F-1 = }a,, Hoos! 


where / is the inclination. Thus, the term in cos @ is due largely to permanent long- 
itudinal magnetisation and that in cos 20 to induced longitudinal magnetisation. 
The constant term has a part due to induced longitudinal magnetisation which is 
equal to C,, and parts depending on the induced and permanent vertical magnetisation. 
For a symmetrical ship, the sine terms should be small compared with the cosine terms. 
As would be expected, the variation of the field with ship’s heading vanishes at the 
magnetic poles and is a maximum at the equator. 
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EFFECT OF DISTANCE FROM THE SHIP 


To investigate the variation of the coefficients with distance a more specific 
model of the ship’s magnetisation is necessary. Since the region of interest is well 
astern of the ship a very crude model is sufficient. The longitudinal magnetisation 
can be represented approximately by a pair of poles on the water line in the mid- 
plane of the ship. If these poles lie within the ship at a distance «/ from the bow and 
stern, where / is the length of the ship (67-4 m for Discovery /1), the horizontal field 
at a distance x aft of the stern is proportional to a function @ given by, 


2x// + 1 


©) = Girt +1 


(6) 


If the poles are not concentrated on a line but spread out, the variation with distance 
at positions well astern of the ship is still approximately of the same form, but with 
an increased value of «. The expression (6) may be expected to be an approximation 
to the variation of a,, and P,, and thus of C, and C,. The vertical magnetisation of 
the ship is most naturally represented by a continuous distribution of vertical dipoles 
along a horizontal line in the mid-plane of the ship. If this line of dipoles extends 
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Fic. 2. Disturbance of the field by the ship as a function of course and distance astern. 


within a distance «/ of the ends of the ship the variation of the vertical field on a 
prolongation of the line behind the ship is again given by (6), and the coefficients 
433, Ps and (C, — C,) may also be expected to vary in accordance with it. 
Measurements were taken on eight courses with magnetic headings 0°, 45°, etc. 
On each course the fluxgate magnetometer was towed at a constant distance of 152 m 
whilst the distance of the proton magnetometer was set at six different values between 
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21 m and 94 m astern of the ship. Three readings were taken at each distance as the 
cable was being let out and a further three as it was pulled in. The complete set 
therefore included 288 measurements. The results are shown in FiG. 2 which also 
shows the curves given by fitting (3) to the observations. The constant « in (6) was 
chosen so that the relation between ® and the coefficients was as nearly linear as 
possible. The cosine terms gave 0-10 and the constant terms 0-08. These are probably 
not significantly different, but in the subsequent calculations « was taken as 0-10 
for C, and C, and as 0-08 for Cy. S, and S, were so small that « could not be de- 
termined for them, it was arbitrarily taken as 0-08. At a great distance from the 
ship ® varies as |/x*; at the distances of practical interest its values, for « — 0-1 are, 


r// 0-2 0-3 0-6 (0-8 1-0 .! 2-0 2:5 
® 12-86 694 4-26 2:00 1-11 0-69 0-271 0-135 0-077 


The relation between @ and the coefficients is shown in Fic. 3. The best straight 
lines through the observations give (in y), 
0-2) P(x) 
(21-8 + 0-2) B(x) 
0-2) ® (x) 
(0-3 + 0-4) D(x) 


0-5 — (1-7 + 0-3) ® (x) 


In computing the lines, the observations at the six distances were weighted in accor- 
dance with the standard errors obtained from the fit of the observations on the eight 
headings to the Fourier series. The standard error for the mean of the six observa- 


tions at a given distance and heading decreased from S5y for an observation at a 
distance of 21 m astern of the ship to 1-5 y for a distance of 94m. The increase when 
close to the ship is probably due to the effect of pitching and rolling of the ship 
on the field at the magnetometer. The straight lines (7) fit the observations rather 
better than would be expected from the fit of the Fourier series from which they are 

nputed. The errors include those due to reading the record of the fluxgate magne- 
tometer, which is on too small a scale to give | y with certainty. It may be concluded 
that the expressions (3) and (7) represent the variation of total field with distance 
and heading at the point where the measurements were made with an uncertainty 
not exceeding 2 y at distances beyond 80 m astern of the ship. 

The expectation that the sine terms would be substantially less than the cosine 
terms is realised. In fact the coefficient of ® in the expression for S, is not signi- 
ficantly different from zero and that in the expression for S, is less than a tenth of 
the corresponding coefficients in C, and C,. The constant terms in the expressions 
(7) for C,, Cy, S, and S, differ significantly from zero. This implies that these coe- 
fficients are not zero at an indefinitely great distance from the ship, which can only 
mean the magnetometer itself is not entirely free from magnetic material. This was 
verified after returning from the cruise, the main source of disturbance being a relay. 
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Alterations have now been made to the proton magnetometer which reduce the 
effect to less than 1 y. The amplifier and relay are now in a separate container about 
3 m from the water bottle. The part of the effect of the magnetisation of the magne- 
tometer that varies with heading is removed along with the correction for the ship’s 
magnetisation. No constant term is included in (7) for Cy, since this constant would 
merely represent the arbitrary setting of the zero of the fluxgate magnetometer. 
There is, however, a correction to be made for the mean effect on all courses of the 
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Fic. 3. Comparison of observed and theoretical variation of disturbance of field with distance 
astern. ® (x) is the function of distance suggested by theory, (6). The numbers at the top of the 
figure give x// corresponding to the values of ® on the bottom edge for « = 01. 


iron in the magnetometer. This correction cannot be determined at sea, it was 
investigated in Cambridge after the cruise, and found to be 0-6 y. It is likely that the 
correction is bigger in Cambridge than it is further south where the vertical field 
is less; it was therefore ignored. 

The expressions (3) and (7) give the variation of magnetic field with course at 
the point where the observations were taken. This is in latitude 36° 39’N and longitude 
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17° 19’'W where the horizontal and vertical components of the field are given on the 
British Admiralty charts as 0-251 and 0-350 gauss. At a distance of two ship’s lengths 
(135 m) astern of Discovery IJ (3) becomes, in y, 


Fo —F = — 3-3 — 3-0 cos @ + 3-6 cos 20 


This expression varies between + 3 and — 7y, which is a negligible error in most 
surveys. The maximum difference is that between north and south courses. The 
disturbance of the magnetic contours may be minimised by running the lines of 
survey On east and west courses. 

From (4) and (5) the coefficients C, and S, are approximately proportional to 
H/F and C, and S, to H*/F; (Cy — C,) has a part proportional to Z?/F and a part 
proportional to Z/F. Observations at a single point cannot separate these parts; 
however, since the ship was built in the northern hemisphere, the permanent vertical 
magnetisation will be in the same direction as the induced, and the two terms will 
have the same sign. The field due to the ship at another place should therefore lie 
between the values calculated on the assumption that it varies as Z*/F and that it 
varies as Z/F. The data available to check these expectations are not extensive. 
Besides the set already discussed, observations were taken earlier in the cruise on 
north, south, east and west courses at six distances, when the ship was in latitude 
46° 14’N and longitude 10° 46’W, where the horizontal and vertical fields are 0-204 
and 0-415 gauss, these gave the lines shown in Fic. 4. Call this position Y and the 
position at which the more complete set was taken position X. The observations at 
Y are not as good as those at X since only one magnetometer was towed and no 
allowance could be made for the variation of field with time or position. The expected 
decrease in C, with decrease in horizontal field was found. The coefficient C,, which 
depends on the permanent longitudinal magnetisation, differs’ little between the two 
stations. (Cy — C,) is greater at X than at Y which is the reverse of what would be 
expected. 

The observations shown in Fic. | were taken at a place where the horizontal 
component is about the same as at position Y. As can be seen by comparing Fics. | 
and 2, the second harmonic is, as it should be, less conspicuous at this place than at 
position X. Quantitatively the decrease is larger than would be expected from a 
dependence on H?/F. 

The variation of the correction with position is thus not well described by the 
simple theory.; some of the discrepancies may be due to the shortcomings of the 
method used at position Y, but it is also possible that the permanent magnetisation 
of the ship is not really permanent and varies on a long voyage. The discrepancies 
are not of much account in practice. 

The effect of moving the magnetometer 4 m in an athwartships direction and of 
altering its depth by altering the speed of the ship were investigated and found to 
be undetectable. 

For other ships the fields due to induced magnetisation will be roughly the same 
as for Discovery II if the distances are scaled in proportion to the ships’ lengths 
(BULLARD, 1947) ; the permanent magnetisation will differ from ship to ship, but 
scaling in proportion to the ship’s length will give the right order of magnitude. A 
few measurements have been made in Sarsia, a trawler 40 m in length. At the point 
where the measurements were made the horizontal and vertical fields were 0-191 and 
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0-428 gauss. The variation with angle was again found to be well represented by (3) 
with negligible sine terms. The variation with distance was well represented by (6) 
with « zero. Since Sarsia’s stern overhangs less than that of Discovery II, it was to 


100 


of field due to ship, 


Change 


Fic. 4. Comparison of disturbance of the field by Discovery II (/ = 67-4m) and Sarsia 

(/ = 40m). The points refer to Sarsia and the lines to Discovery IJ. The results for Discovery II 

differ from those of Fic. 3 because they are taken at a different place (position Y). As the amount 
of data is small the lines have been assumed to go through the origin. 


be expected that the effective position of the pole would be nearer the stern in Sarsia. 
The Sarsia observations are plotted in Fic. 4, they agree closely with those on Discovery 
JI at position Y, where the field does not differ greatly from that for the Sarsia observa- 
tions. The close agreement of the permanent part of the magnetisation in the two 
ships is a coincidence, but it does appear that the scaling law may be used to get a 
rough idea of the field due to a ship. 

The quickest way of determining the coefficients appears to be to take observations 
on north, south, east and west courses while towing two magnetometers, one at 150 m 
and the other first at about 40m and then at 150 m. C, and C, are determined 


directly and C, by extrapolation using (6). 
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Abstract—A gently rol 


deep-sea depth of 1900 fathoms east of Guadalupe Island. Sub-bottom echoes occur at a uniform 


ing surface of very soft folded sediment lies at the anomalously shallow 


depth of 6-8 metres over most of the area and photographs reveal organisms vigorously reworking 


much of the upper ten centimetres of sediment. At present, the region is surrounded by a deeper 
sea floor and cannot receive bottom-transported sediment. The origin of this anticlinorium is indeter- 
minate. Geomagnetic profiles reveal north-south anomalies which are typical of the oceanic crust 
of the northeastern Pacific Ocean basin and which parallel the folds though are not necessarily 
elated l ctonic features surround the area such as volcanoes, ridges, basins and 
deeps. Con pared to these features, it Is re atively deformed and appears to have a normal oceanic 
crust becaus is (1 ong depositional history, (2) north-south magnetic anomalies and (3) a 


normal th 


INTRODUCTION 


AN ANOMALOUSLY shallow and smooth portion of the deep-sea floor lies east of 
Guadalupe Island in the northeast Pacific Ocean (Fics. |, 2, 3 and 4). The Fanfare 


Expedition under H. W. MENARD and R. W. RaitTT spent several days in the area 


during Ju 1959, engaged in seismic and gravity studies, bathymetric surveying 
and coring in order to determine its suitability as a site for obtaining drill cores of 
the ocea rust. Since then, bathymetry, geomagnetism, gravity, heat flow, sonic 
measure! ts of sediment thickness, core and rock samples, phetographs, and 
current measurements have been studied. This report is concerned with the bathy 
metric, geomagnetic surveys and the photography. 


The first bathymetric maps of the area were prepared by SHEPARD and EMERY 


(1941) and SHEPARD (1950) from scanty soundings on U.S. Navy Hydrographic 


Office charts and from Scripps cruises. They showed several prominent features of 


the area but only in a very generalized way. Unpublished bathymetric charts of the 
Cedros Deep area (FisHer, 1953) and Pacific Ocean west of California and Baja 
California (MENARD, 1954, 1959) existed prior to the Fanfare Expedition and were 
based mostly on soundings taken by the Scripps Institution of Oceanography and 
the U.S. Navy. MENARD (1955) discussed the regional, bathymetric and structural 
picture. 


RESULTS 


The discussion of the sea floor of this region is divided into two sections : 
(1) the shallow, smooth, rolling area east of Guadalupe Island and (2) the sea floor 
surrounding this rolling area. In order to discuss the region intelligibly, arrugado 
has been coined to designate the rolling area. Arrugado comes from the spanish 
“la arruga’’’ : corrugation, wrinkle (RoBB, 1949). An arrugado is the rolling equiva- 
lent of a plain. 
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Fic. 2. Bathymetric charts of the Pacific Ocean east of Guadalupe Island. The depths are in fms. which are based on an 

assumed sound velocity of 4800 ft per second. Most of the soundings were taken with a Precision Depth Recorder (PDR) 

and were obtained on expeditions since 1957 (Fic. 4) except for the work of Mortary (1956) and FisHER (1953, 1955). Closed 
contours about depressions are hachured. 
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Geology of the sea floor east of Guadalupe Island 


THE ARRUGADO 
Sub-bottom echoes 


The Precision Depth Recorder (PDR) records show widely distributed sub- 
bottom echoes (FiG. 9) (echoes returned from an acoustic reflecting surface below 
the sea floor) indicating that a layer of soft sediment overlies another layer with 
different sound properties. Where sub-bottom echoes were found with well-tuned 
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Fic. |. Index map. The area lies west of continental borderland, a region of submarine ridges 
and troughs which lies along the coast between Viscaino Bay (28°N) and Point Conception 
(344°N). 


echo sounders, additional reflections were usually recorded below the first strongly 
recorded layer. Three and four echoes were common, but it is not known whether 
these additional echoes represent more layers or whether sometimes they merely 
record sound reverberation within the upper sediment layer. Gravity cores (up to 
10ft.) show the sediment to be very soft. The distribution of the sub-bottom echoes 
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(Fic. 6) over the arrugado is suprisingly uniform with only changes that might be 
expected from the slumping of a very soft sediment : some of the depressions have 
deeper sub-bottom echoes, and several highs have no such echoes. Whether the 
sea floor was flat or rolling at the time of deposition of the material above the sub- 
bottom echo is not known because the surface material is pelagic in origin 
(E. D. GoLpBERG, 1960). At the present time, the arrugado is cut off from bottom- 
transported sediments, which may originate outside the area, by the deeper water 
on all sides (Fic. 2). 


Photographs 


The sea floor near 29°N 1, 1174°W1 was studied at two camera stations (FIG. 7) 
about 2 miles apart and at that locality is literally covered by the tracks of animals. 
Various animals occurring there are tentatively identified as holothurians, echinoids, 
an isopod, a sea pen and crinoids (fragments). The presence of holes in the bottom, 
the tentacles and sea pens projecting from the bottom and the holothurians ingesting 
the mud reveals that the upper centimetre or two of mud is continually being mixed 
and that perhaps as much as the upper ten centimetres is also in a state of slow flux. 
No evidence of ripplemarks was found although such evidence of rapid currents 
would be destroyed by the organisms if the event occurred rarely. 


Abyssal hills 


The arrugado is a province of abyssal hills about 60 miles square (FiG. 2 and 3). 
A special survey (Fic. 8) with the R/V Orca in July, 1960, definitely established the 
north-south elongation of the hills which was indicated by the more general surveys 
(Fic. 2). The hills vary in width from one to 20 miles but tend to fall into two sets : 
1-3 miles (Fics. 5 and 8) and 5-20 miles (Fics. 2 and 9). The smaller set is generally 
less than 150 ft high while the larger set is up to 1000 ft high. The smaller group 
of hills is super-imposed on the larger group which trend across the entire arrugado 
as a system of broad ridges. The smaller hills are broad with relatively sharp margins. 
Occasionally the margins are sq steep (Fic. 5) that they would seem to be produced 
by faulting. 

A north-south zone of poorly reflecting irregular sea floor (Fics. 8 and 9) was 
found during the detailed survey. Very little sound was reflected from it, and the 
normal layered structure of the surrounding sediment appears to be destroyed. This 
disturbed band runs more or less along a trough between two hills and probably 
represents a fault zone. 


Interpretation of the abyssal hills 


The even depth of the sub-bottom echoes over the elongate abyssal hills reveals 
that the hills are folds by geologic definition (HOWELL, 1957). It is immaterial to the 
definition whether the sediment was deposited in the present attitude or whether it 
was deformed into this position. Furthermore, the entire arrugado may be con- 
sidered an anticlinorium by definition (HOWELL, 1957). The folding may have been 
developed in one or a combination of the following four processes which are pure 
types and are not expected to exist alone : 
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(1) Gentle pelagic deposition over a previously existing rough bottom gradually 
subduing the hills and filling the valleys but reflecting the underlying 
topography. 
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Fic. 3. Bathymetric chart of the Pacific Ocean east of Guadalupe Island based on depth in 
metres from soundings corrected for sound velocity (see caption to Fic. 2). 


(2) Complete burial of a pre-existing rough topography with subsequent 
differential compaction of the sediment causing a subdued reflection of the 
underlying topography. 


(3) Deformation of a flat sea floor with folds caused by compression or gentle 
normal faulting of the underlying crust. 


Instrusions of parallel dike swarms into the underlying crust. 
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buried. 


_ At our present state of knowledge, we cannot distinguish between the various 
processes except that any previously existing topography (if it did exist) has been 
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Geomagnetism 

A magnetic survey was made on the cruise Southern Borderland II on the ship 
R/V Horizon with a ship-towed magnetometer which had been modified from an 
airborne model (ASQ-3A MAD). Not enough survey lines cross the area to con- 
struct a map of the total magnetic intensity but the similarity of profiles A-B and 
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Fic. 4. Track chart of vessels using Precision Depth Recorders from which the bathymetric 


charts (Fics. 2 and 3) were made. 
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B-C-D (Fics. 4, 10 and 12) show that the magnetic anomalies are oriented north- 
south in the arrugado. This orientation is the same as found by MASON (1958), 
RaFF (1960) and VACQuiIER (1960) to characterize the north-east Pacific Ocean 
basin. The size of the anomalies (10 miles wide and 250 gammas high) is somewhat 
smaller than many of the northern ones but not significantly so. In essence, these 
anomalies demonstrate that the oceanic crust of the arrugado is similar in struc- 
ture to the rest of the northeast oceanic basin in so far as the origin of the anoma- 
lies and their preservation is concerned. MASON (1958) ably presented several possible 
origins for the magnetic anomalies without being able to find. a firm conclusion, 
and the present study still emphasizes their enigmatic features. 


Seismic refraction studies 


R. W. Raitt (1960) found from seismic refraction studies of the Fanfare cruise 
that the crustal thickness of the sea floor east of Guadalupe Island is similar to that 
of the standard oceanic section. 


ENVIRONS OF THE ARRUGADO 


Guadalupe Island, an upper Cenozoic basaltic and andesitic volcano (JOHNSON, 
1953) bounds the area to west. The recent undissected cinder cones on the south end 
indicate that the volcano may only be dormant and not extinct. The steep arcuate 
eastern shore on the north end of the island looks like the rim of a caldera because the 
beds are truncated at the cliffand often slope away from it. Two other possible origins 
exist which are compatible with the submarine contours : (1) a very large landslide 
scar, perhaps volcanically induced or (2) faulting unrelated to caldera formation. 
The island is flanked (Fic. 6) by a small archipelagic apron consisting of relatively 
smooth submarine slopes (MENARD, 1956). 

An east-west graben-like basin bounds the arrugado (Fics. 2 and 3) to the north 
by escarpments. Its floor varies in depth up to 4090 metres with areas of flat bottom 
of different depth separated by low escarpments or hills. Coring revealed very soft 
sediment, and sub-bottom echoes showed many layers to a depth of 25 metres. 
Raitt (1960) interprets the sediment to be about a kilometre thick, i.e. several times 
thicker than on the arrugado. 

The basin is bordered by a very steep east-west escarpment (FiG. 2 and 3) almost 
a mile high which often attains an average slope of 30°. Rock dredged from the 
scrap consists of (1) a vesicular volcanic glass which was spontaneously disintegrating 
when brought on deck, (2) a slightly altered andesite and (3) andesite much altered 
to chlorite and veined by quartz. Magnetic profile E-F (Fics. 11 and 12) runs along 
this long cliff and its character does not resemble either the profiles to the north 
or the profiles to the south. 

The northwest corner of the chart (FiG. 2 and 3) is in the deep sea where the relief 
is on too small a scale to be accurately contoured from the widely spaced survey lines, 
but its character is similar to that of the arrugado east of Guadalupe Island. Magnetic 
profiles (Fics. 11 and 12, profiles G-H and I-J) reveal north-south anomalies charac- 
teristic of the oceanic crust but which cannot be directly correlated with the anomalies 
of the arrugado to the south. 

In the northeast corner of the map (Fics. 2 and 3) just north of the east-west 
escarpment, there is a field of small volcanic peaks (as revealed by dredging and 
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surveying) situated on the northwest end of a ridge which trends southeast to the 
San Benito Islands. Another volcano (andesite ?) lies 30 miles west of this field 
and just north of the escarpment. 

The various seamounts and basins in the northeast part of the chart (Fics. 2 and 3) 
mark the continental borderland, a province of sub-sea ridges and troughs similar 
in structure to the subaerial continent to the east (SHEPARD and Emery, 1941). The 
continental margin therefore may be considered to run along the seaward edge 
of the borderland. The eastern ends of magnetic profiles (Fics. 11 and 12, profiles 
G-H and I-J) show that the typical oceanic anomalies have disappeared and that 
smaller, more irregular anomalies occur which reflect the geologic structure of the 
borderland. 
se 
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Fic. 6. Map of depth distributions of the sub-bottom echoes. This Figure also shows regions 
where rock is known or is inferred to occur and where sediment occurs but shows no sub-bottom 
echoes. 


The flat-floored Cedros Deep (FiGs. 2 and 3) marks the eastern margin of the 
arrugado as well as the seaward edge of the continental slope along much of Baja 
California. The sub-bottom echoes in the deep (Fic. 6) have a peculiar distribution 
that is in part due to the fact that bottom transported sediment, both volcanic and 
erosion products, can be deposited in the deep. The only other large source of such 
material in the area of Fic. 2, would be Guadalupe Island. 
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Fic. 7 (b) 


Fic. 7. Photographs taken in ebout 1900 fms of water near 28° 57’N, 117° 30’W. The tracks 

in the photograph on the left are about 3 in. long. All of the photographs taken in the area 

show tracks criss-crossing the mud and various holes and tentacles in the mud. The holothurian 

(?) on the right is about nine inches long and is one of the animals which is reworking the mud. 

Other animals observed are tentatively identified as echinoids, an isopod, a sea pen and crinoid 

fragments. The pictures were taken with an Edgerton camera in conjunction with an Edgerton 
pinger. 
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Fic. 9. East—west bathymetric record across part of the area of the detailed survey (Fic. 8). Note 
the smoothness of the sea floor and the sub-bottom echoes. The irregular disturbed zone of 
Fic. 8 is shown at the left. 
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The arrugado changes to a deeper, perhaps more irregular sea floor near the 
south edge of the chart which may be related to an east-west bathymetric feature 
south of the area studied (CHASE, 1960). 
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Fic. 10. Profiles AB and BD of the total magnetic intensity and the bathymetry. Location 
of the profiles are shown in Fic. 4. One gamma (y) = 10° oerstads. 


RELIABILITY OF CONTOURS 


In general, much interpolation has gone into drawing the bathymetric contours 
(Fics. 2, 3 and 8). The ship tracks are not spaced evenly (Fic. 4), and even where 
they are spaced closely on the arrugado, the relief is so low that it is not completely 
revealed. However, the interpretation gives a consistent picture and one that is 
close to reality. 
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The navigation, based on celestial and shore fixes, forms the largest uncertainty 
in the data. The navigational accuracy at best has an uncertainty of a mile in position 
and in most cases, it is only good to two or three miles. During long periods, the 
area was cloudy, and no celestial fixes were obtained. The uncertainty has been 
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Fic. 11. Profiles EF, GH and IJ of the total magnetic intensity and bathymetry. Location of 
the profiles are shown in Fic. 4. 


lessened by adjusting the ships’ courses to the bathymetry whereby two tracks which 
cross must have the same depth. Independent checks such as later surveys indicate 
that adjustment by bathymetry brought the error back to a mile. Although larger 
local errors must exist, a feature on the bathymetric map generally should be within 
a mile of its true position. 


we* ure 
4 | i 
gi 
} 
x 
] 
| 
| 
7 
1 
woo] — f— 47,800 
2000+ 1 O46 4 
=] 
JS 
{ 
| * 
+ 
| 
} 
- 4 
| 
| J 
ure 
4000~ MILES 


Geology of the sea floor east of Guadalupe Island 37 


GEOLOGIC STRUCTURE 
The interpretation of the geologic structure of the area depends on its regional 
relations, and these are being investigated at the present time so that a thorough 
discussion would be premature at the moment. Actually the available facts are very 
few, and any conclusions from them would have to be speculative. Any conclusions 
must take in these facts : 
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Fic. 12. Profiles of total magnetic intensity. Note the north-south alignment of the anomalies 
in profiles AB and BD and the west ends of profiles GH and IJ. 


(1) the anomalous depth of the area 


(2) the presence of the right lateral San Andreas fault system of California 
and Baja California. 


the presence of the borderland 


the volcanism 


the basin north of the arrugado. 
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MENARD (1960) suggests that the shallow depth is evidence of the area’s position 
on the west flank of the East Pacific Rise. The elevation of the arrugado in part 
may be analogous to the Hawaiian Arch (HAMILTON, 1957) wherein the crust is bulging 
upward due to the isostatic load of Guadalupe Island and Baja California. 

The author feels that a combination of regional northwest-southeast right lateral 
shear superimposed on a relative east-west tension would explain most of the features 
present in the area. Documentation must wait until the study to the north has been 
completed. 


CONCLUSIONS 


Although the region has been subjected to intense activity during Tertiary time, 
the deep-sea floor east of Guadalupe Island has been relatively little deformed com- 
pared to the surrounding regions. This is demonstrated by (1) the fact that the 
arrugado is smooth and rolling — it must have had a long history of quiet deposition 
of sediment, (2) it has a seismically normal oceanic crust and, (3) the north-south 
magnetic anomalies are typical of the rest of the northeast Pacific Ocean basin. 
The folding, if caused by structural movements, is mild deformation compared to 
the large tectonic features surrounding the arrugado. 
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The thermohaline circulation in relation to the general 
circulation in the oceans 


KLAUS WyYRTKI 
(Received 15 November 1960) 


Abstract—To arrive at an estimate of the role of the thermohaline circulation in the oceans, the 
magnitude and the implications of the various thermohaline effects are discussed numerically. From a 
consideration of the heat balance of the surface layer in lower latitudes it follows that the average 
ascending motion through the thermocline is limited to between | and 5 x 10-5 cm/sec. The discus- 
sion of the thermocline suggests a resultant downward heat flow in spite of the ascending motion, 
which is balanced by horizontal advection. A method for the calculation of the vertical exchange 
coefficient is given and shows that it has a pronounced minimum in the discontinuity layer. The dis- 
cussion of the sinking processes of the Bottom Water and the Intermediate Waters indicates the 
existence of two nearly independent circulation systems in meridional direction. The deep meridional 
spreading of the different water masses cannot be explained satisfactorily by a two-layer model, 
but a four-layer model would be required. A model of a pure thermohaline circulation in an ocean 
covering the entire earth including frictional terms shows that a circumpolar current would exist 
in each hemisphere, carrying 134 x 10° m°/sec, but that the strength of the meridional circulation 
across 45° latitude would be only 10 x 10° m*/sec. This indicates that also in the actual ocean 
the thermohaline circulation can only be weak and its strength must be less than that of the wind 
driven circulation. In a detailed study of the deep circulation its influence, however, cannot be 
completely disregarded. A four-layer model of the wind driven and thermohaline circulation in a 
meridional plane is constructed, its implications are discussed and the results are found in agreement 
with the circulation pattern resulting from water mass analysis. 


l. PRINCIPLES AND PROBLEMS 


SINCE oceanography was first established as a science, there has been discussion of 
the role of wind-driven and thermohaline circulation in the oceans. Initially it was 
believed that the deep ocean circulation was thermohaline in principle, caused by 
cooling in the higher latitudes and by heating in the lower latitudes. This opinion 
was based on the observation that the ocean is cold in the depths and that this cold 
water is covered only in tropical and subtropical regions by a layer of warm water, 
thin compared with the depth of the ocean. This opinion was supported in principle 
by Ekman’s theory of wind currents, which were shown to extend no further than 
100 to 200 m. On the other hand Bjerknes’ circulation theorem made it possible to 
calculate the velocity distribution from the observed distribution of density. The 
determination of the absolute velocities does, however, require the knowledge of 
the absolute topography of the sea surface or that of the topography of the * layer 
of no horizontal motion. ’ 

The rapid development of the theory of wind driven horizontal circulation in the 
oceans in recent years, and its successful explanation of the surface features of the 
circulation, led to an overvaluation of the role of the winds. Moreover, in these 
theories, vertical integrated mass transports are used which tend to obscure certain 
features of the vertical structure in the oceans (STOMMEL, 1958a, p. 155). These theories: 
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of wind driven circulation give the impression that the winds, changing the density 
structure as well as the topography of the sea surface, can influence even the deepest 
parts of the oceans and induce a circulation there. Therefore, they lead to the assump- 
tion that there is no need to introduce thermohaline processes in an explanation 
of the circulation. There are, however, serious objections to the dominating role of 
the wind driven circulation for the processés in the deeper layers, because it can neither 
explain the distribution of temperature or density in the oceans, nor does it reflect 
the calculated transports in all individual parts of the circulations as STOMMEL (1958a, 
p. 162) shows in the Gulf Stream. 

It must be pointed out, however, that there is no doubt that winds induce horizontal 
circulation in the oceans, and that their indirect influence reaches far beyond the depth 
of the Ekman layer, and induces vertical motions. Nevertheless careful attention 
must be given to the role of thermohaline processes, because only they can explain 
the formation of different water masses and the distribution of density in the oceans. 
If at least the magnitude of the thermohaline circulations can be estimated, it should 
be possible to judge its role in the general circulation in the oceans. 


HEATING COOLING 


SUAFACE Flow 


SPREAOING 


Fic. 1. The classical model of a pure thermohaline circulation caused by heating in lower and 
cooling in higher latitudes. 


In order to arrive at such an estimate, the thermohaline effects, the limits of their 
influence, and the ways in which they can be influenced and altered by wind driven 
circulation, are discussed in this paper. As a basis for this discussion, the classical 
model of a thermohaline circulation will serve; this is shown in Fic. |. The circulation 
must take place in a meridional plane between the region of heating in low latitudes 
and the region of cooling in high latitudes. The four principal processes engaged in 
this circulation pattern are 


(i) the heating of the surface layer and the poleward flow at the surface, 
(ii) the sinking of the heaviest water in highest latitudes, 
(iii) the spreading towards the equator of water in the deep layer, and 


(iv) the ascending of the deep water through the thermocline into the surface 
layer. 
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2. THE SURFACE LAYER 


The surface layer of the oceans is exposed to thermohaline processes, which change 
the temperature and the salinity of the water, and consequently the density. We 
shall restrict our considerations here to thermal processes, as these are the most im- 
portant, and as haline processes are significant only in a few cases, such as at the 
formation and spreading of the Subtropical Lower Waters underneath the Equatorial 
Currents. The difference between incoming and back radiation, after deduction of 
the energy used for evaporation, causes a net heating in lower and a net cooling in 
higher latitudes. We will investigate in a general way the kind of temperature distribu- 
tion caused by this heating and cooling for a given circulation, or what kind of circula- 
tion is in agreement with the observed temperature distribution. 

The equation of heat flow in a moving medium in the steady state, considering 
vertical mixing only, is 

Tw ——|A— 


dz 


) 


where T is the temperature and uw, v, w are the velocity components. The equation of 
continuity of flow is 


When placing the y-axis in the direction of flow (v), the equations become simpler 
without losing their generality 


Integrating vertically over a wind stirred layer of depth D, in which the temperature 
0 


is assumed to be independent of z, and introducing the volume transport V = | vdz, 
-D 
it follows 


(1) 


(2) 


because w,., = 0 and (A d7/dz),-9 = Q/pc, where Q is the heat received or lost at 
the surface, c the specific heat of sea water, and w, the vertical velocity at the depth 
D. Within the discontinuity layer the equation d/)z(7w — A d7/dz) = 0 must be 
satisfied, as will be shown in Section 3. From this equation it follows that 
Tw — A d9T/dz = const, and the constant is set equal to 7, wp, where T, is the temper- 
ature at the lower boundary of the discontinuity layer and w, the upward velocity 
within the discontinuity layer which is considered to be constant. With this expression 


it follows from (1) 
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where Q is the heat received (positive) or lost (negative) at the surface, 
and because of (2) 


oT 
V—+(T —Tp) Wp = (3) 
oy pc 


This equation states that the heat received (lost) at the surface partly increases 
(decreases) the temperature of the water in the direction of flow, and partly heats 
the water ascending from the discontinuity layer and passing over into the horizontal 
flow. 

In lower latitudes Q is always positive, and in the presence of a strong thermocline, 
Wy must be positive, as will be shown in Section 3, perhaps with the exception of the 
western boundary currents. This, because of (2), requires an increase in the volume 
transport in the direction of flow. If the incoming heat is greater than the flux of 
heat into the discontinuity layer, the temperature of the surface layer must increase 
in the direction of flow. In the oceans a strong temperature gradient exists from low 
to high latitudes, and consequently the flow must be equatorwards in the range of net 
heating. This result seems on first view to be in contradiction to the simple model 
of the thermohaline circulation shown in Fic. 1, which requires a flow from higher 
to lower temperatures at the surface. However, the surface circulation is wind driven 
and consists of a big horizontal gyre in each ocean and each hemisphere, with zonal 
motion below the trade winds and the west winds. The meridional branches of these 
gyres consist of a comparatively slow equatorward flow over almost the entire width 
of the ocean and a strong western boundary current, which accounts for the compensa- 
tion of mass. This western boundary current has to carry more water polewards 
than flows equatorwards in the surface layer in the central parts of the oceans, because 
the water ascending through the main thermocline has also to be carried polewards 
by the western boundary current. Therefore, the climatological factors, which alter 
the properties of the water masses, act almost exclusively on the slow equatorward 
flow, so that the picture of the thermohaline processes in the surface layer in low 
latitudes as given by the classical model is not in contradiction with the actual 
circulation: an excess of warm water is carried polewards in the western boundary 


currents. 

It is of interest to compare these statements with charts of the sea surface temper- 
ature and especially with charts of isoanomalies of sea surface temperature as given 
by DietricH (1950, 1957a) and ScuHotT (1935). In low latitudes the temperatures 
in all oceans are lower in the east than in the west, and a strong positive anomaly 
indicates the poleward transports of heat in the western boundary currents. On the 
other hand, the regions of negative temperature anomaly on the east side of the 
oceans, where the main upwelling regions are found, indicate that in these regions 
the net heating is equal to, or smaller than, the heat required to increase the temper- 
ature of the ascending water, and therefore the temperature does not increase, and 
may even decrease, in the direction of flow. 

In order to assess the magnitude of the different effects, the numerical values of 
the terms in equation (3) will be estimated. The chart of the annual heat balance of 
the southern hemisphere, given by PrivetT (1958), shows that a value, Q@ = 10-% 
cal cm~* sec"? = 86 cal/cm?/day, is appropriate for the magnitude of net heating 
and net cooling respectively. T = 25° is assumed for the surface layer and 7, = 5° 
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for the temperature of the water ascending from the layer of the Intermediate Water. 
When substituting these values in equation (3), two extreme cases can be discussed. 
First, assuming that no temperature gradients exist in the direction of flow, )7/dy = 0, 
one obtains w, = 5 x 10-° cm/sec. This is a maximal value of w, and in this case 
all energy would be used to heat the ascending water. Applying this value of w, 
to the lower latitudes of the South Pacific Ocean, where net heating might occur 
over an area of 12,000 km zonal and 3000 km meridional extent, this upward 
motion would add 18 x 10® m*/sec to the surface circulation. This means that an 
additional transport of 18 x 10® m*/sec from the warm water sphere into higher lati- 
tudes had to be carried in the western boundary current. This value is not so high 
that it could not fit into the picture of the general circulation. Its magnitude shows 
that even with extreme assumptions the contribution of the thermohaline circulation 
is only a fraction of the transports in the wind driven circulation, which is of the order 
of 60 10® m/sec. 

The other extreme is to assume that there is no ascending motion, wp = 0; in 
this case a horizontal temperature gradient of 1° in 1000 km would yield in a surface 
layer of 100m depth a velocity of 10 cm/sec in its direction, which is fair for the 
zonal circulation below the trade winds. On the other hand, a meridional temperature 
gradient of 20° within 3000 km at a velocity of | cm/sec equatorwards within a 100 m 
thick surface layer would require an upward velocity of 1-7 10-* cm/sec, and would 
add only 5-4 10!* cm*/sec to the surface circulation in the South Pacific Ocean. This 
combination of values seems to be a fair assumption for the oceans, at least in the 
southern hemisphere. From this numerical discussion of thermohaline effects in 
lower latitudes it can be concluded that, 


(i) a likely value of the upward velocity through the discontinuity layer is 
2 x 10-5 cm/sec, 


a maximal value is about 5 x 10-° cm/sec, 


the total contribution of the thermohaline circulation may vary in the 
different oceans between 3 and 10 x 10® m*/sec, which are added to the 
surface circulation, and 


these values are only 10-20 per cent of the total transports in the western 
boundary currents. 


3. THE THERMOCLINE 


The vertical distribution of temperature is controlled by a downward flux of heat 
due to thermal conduction. This heat would lead to a continual increase of the 
temperature of the deeper layers it if were not compensated by ascending motions. 
The divergence of heat flux equation is 


od + div (v7 — A grad T) = e. (4) 


c 


When considering stationary conditions (d7/)t = 0) and layers sufficiently removed 
from the surface, where heating and cooling do not have any influence (e = 0), equa- 
tion (4) becomes 


div — A grad T) = 0 (5) 
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For further treatment we assume that within the discontinuity layer the vector of 
velocity has the same direction as the density gradient, and we put the z-axis and 
with it the direction of the vertical velocity w. This means that we consider only 
processes normal to surfaces of constant temperature. Under these conditions it 
becomes advisable, but not necessary, to consider w as a constant within the 
discontinuity layer, and doing this (5) can be integrated and takes the form 


(6) 


where 7, is the temperature of the cooler water in the depth, where the ascending 
motion originates. This equation enables us to calculate the value w/A from observa- 
tions of temperature, because 


w oT 
A" 

When plotting the logarithm of the temperature against depth, and taking for T, 
the temperature at the bottom, the value of w/A is given by the slope of this curve. 
For T the potential temperature has to be used, because only it is invariant against 
vertical movements, but this is only of importance in the deep layers. In Fic. 2 
such a diagram is shown, using temperature data from Carnegie Station 95, made in 
the South Equatorial Current in 8° S and 171 °W, (Carnegie Institution of Washington. 
1945). On the left margin the calculated values of w/A are given, and show highest 
values within the discontinuity layer, with smaller values above and below it. This 
vertical change of the factor w/A could be caused by a variation of w, but this would 
require very strong horizontal divergences within the main thermocline immediately 
above and below the maximal temperature gradient, and is therefore unlikely. It is 
more likely that w is fairly constant within the discontinuity layer, which has already 
been assumed. This means that the divergence of the horizontal velocity vanishes 
and that the vertical exchange coefficient A has a minimum. 

It would be very convenient to have another independent method to calculate 
the vertical motion in central parts of the oceans. A method based on dynamical 
principles only has been suggested by STOMMEL (1956) but it gives values of w, which 
are too high by the factor of ten (STOMMEL, 1960b, p. 243). This discrepancy might 
be partly due to our limited knowledge of the value of the wind-stress curl, but 
depends also on the assumption of frictionless deep flow, a hypothesis which has still 
to be proved or disproved (STOMMEL 1958a, p. 156). Consequently, a value 
w = 2 x 10-5 cm/sec has been used, being a fair estimate of the value of the ascending 
motion in central parts of the ocean. With this value a vertical exchange coefficient 
A = 0:5 cm? sec”! results in the range of the maximal temperature gradient, and is 
in full agreement with the value A = 0-4 calculated by MontGomery (1939) for 
the equatorial Atlantic Ocean. In the layer between 500 and 1000 m depth A = 1-7 
results, which corresponds to the value A = 4 calculated by DEFAnt for the Deep 
Water in the Atlantic Ocean. The corresponding heat flux into the discontinuity 
layer is 30 cal/em?/day, which is well within the capacity of the thermal processes 
at the surface. 

On the other hand, MONTGOMERY (1938) explains the spreading of water masses 
along o, — surfaces chiefly by lateral mixing and obtains values of the lateral mixing 
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coefficient of 4 x 107 cm? sec~! (1939), which are certainly too high. To match the 
sinking along these surfaces he must allow ascending motions in the regions of surface 
divergences, to allow for the compensation of mass (1938, p. 14), but no values of 
the magnitude of this motion are given. They must in fact be considerable, and it is 
questionable whether the known surface divergences are strong enough to enable 
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Fic. 2. Vertical distribution cf temperature at station Carnegie 95, drawn ina logarithmic 
scale, and values of w/A calculated by means of equation (7), together with values of the vertical 
exchange coefficient A calculated with a constant vertical velocity of w = 2 x 10- cm/sec. 


such a circulation. But also this model requires ascending motions somewhere, and 
they are found only in much higher levels, and that is at the bottom of the homo- 
geneous surface layer, and not in the whole discontinuity layer. In the actual ocean, 
however, neither the one nor the other case might be exclusively developed, and it 
is much more likely that both effects together, ascending motion and quasi-horizontal 
spreading along o, — surfaces, make up the real distribution of properties. 

But we have to consider also the possibility that there is no upward motion 
through the discontinuity layer, but a downward flux of heat of the order of 40 
cal/cm?/day, due to eddy diffusion. In this case nearly all the heat had to be absorbed 
by the Intermediate Water spreading equatorwards below the warm water sphere, 
and would lead to an increase of temperature in the core layer of the salinity minimum 
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in the direction of its spreading. Assuming that the Intermediate Water has a vertical 
thickness D = 500m and spreads with a velocity v = 4cm/sec, the horizontal 
temperature gradient within its core layer is given by cp v D dT/d)y = Q where c is 
the specific heat and Q the flow of heat from the warm water sphere. This means 
that a downward flux of heat of 40 cal/em?/day would cause an increase of the 
temperature of 0-7° in this layer over a distance of 3000 km. Such an increase should 
be observable within the core layers of the salinity minima, and is in fact indicated 
in the TS diagrams of the water masses of all oceans given by SVERDRUP et al. (1946, 
p. 741). In the Atlantic Ocean the temperature of the core layer of the salinity min- 
imum increases from 3-0° in 41 °S to 5-5° in 19 °N (WustT, 1936), and this indicates 
an increase of 2°5° along a distance of 6600 km, which is of the same order as the value 
given above. Consequently we must assume that the downward flux of heat through 
the discontinuity layer exceeds the heat required for the heating of the ascending 
cooler water. 

There is no reason why the three basic assumptions of (i) a downward flux of heat, 
(ii) a slow upward motion of the discontinuity layer as a whole, and (iii) a horizontal 
spreading along o, — surfaces cannot be jointly used to explain the main thermocline. 
The fact that a horizontal spreading of water within the discontinuity layer happens 
along o, — surfaces is clearly indicated by the distribution of the salinity maxima 
of the Subtropical Lower Waters (DEFANT 1936; WyrTKI 1956) in the oceans, and 
these movements are certainly not restricted to the core layers of these Lower Waters, 
but are quite a general phenomenon. On the other hand the increase of the temper- 
ature within the core layers of the Intermediate Water demonstrates that there is a 
flow of heat vertically down through the discontinuity layer. The spreading of water 
masses along o, — surfaces has, however, a downward component, and to conform 
with the conservation of mass, ascending motions must occur over large parts of the 
oceans in lower latitudes, without regard to whether they are supplied from the 
discontinuity layer or from deeper levels. The average value of the ascending motion 
is limited by the amount of net heating at the surface, and cannot exceed a certain 
upper limit, as long as stationary conditions are required. Moreover, it must be small 
enough to allow a resultant downward flux of heat, which warms the Intermediate 
Waters. There are certainly regions, areas of upwelling, where the upward motion 
is much stronger, but in these the net heating might not be sufficient to maintain 
the temperature so that a cooling of the water occurs in the direction of surface flow. 
Thus the basic question is not to decide which one of the three processes is effective 
in the discontinuity layer, but to estimate their relative importance and their inter- 
actions in the different regions of the ocean. 


4. 


The existence of ice cold bottom water in all the oceans implies the existence of 
a source, where this water of lowest temperature and highest density is formed and 
from which it is supplied, in order to maintain stationary conditions. This source 
can only be situated at the surface in regions of considerable net cooling, this is in 
the polar seas, and the basic question is how, and in what quantities it descends 
into the depth. In the actual ocean, however, not only temperature but also salinity 
affects the density, and even the coldest water can be prevented from descending, 
if a warmer layer of slightly higher salinity is situated below it. Therefore the regions 
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in which a formation of bottom water can occur are very much limited, as pointed 
out by Wust (1933) and DEACON (1937), and the Weddell Sea is probably the only 
main source in the southern hemisphere. The way in which temperature and salinity 
act together with mixing and cooling at the formation of the Antarctic Bottom 
Water has been described by FOroNoFF (1956). 

More uncertainty exists about the question of how the water of highest density 
descends from the surface to the depth. The existence of large scale convection, 
in which water of highest density sinks vertically from the surface to depths as great 
as 4000 m is much doubted. It has been observed only once in the waters south of 
Greenland, Meteor Station 122, 1935, where the North Atlantic-Deep Water is formed 
(DieTRICH 1957b, Fic. 12). It is more likely, however, that larger amounts of high 
density water are formed over the shallower parts of the ocean, and sink subsequently 
along the continental slope into the depth. This explanation was given by DEACON 
(1937) for the sinking of the Antarctic Bottom Water, but even if the formation of the 
heaviest water occurs in the centre of a basin over very deep water, METCALF (1955) 
suggests that its sinking does not occur by pure vertical descending, but by sliding 
along inclined surfaces, whose slope might be of the order of one degree to the sea 
surface. His assumption, even if plausible, is not fully confirmed by the observations 
discussed. 

Considering the energy balance of water of sufficiently high salinity to sink, it 
appears from the diagram given by Foronorr (1956) that the necessary cooling is 
approximately | °C in the case of the Antarctic Bottom Water. Assuming that the 
area in which the cooling takes place is 1000 by 1000 km and the amount of net 
cooling 100 cal/cm?/day, the quantity of water which can sink is only 11-5 x 108 
m/sec. This value demonstrates that Bottom Water is formed only at a comparatively 
slow rate, especially as its formation might occur only seasonally. This amount of 
sinking would never be sufficient to balance the ascending motion required in lower 
latitudes of all oceans, and therefore other sources of descending water must 
exist. 

While the formation of Bottom Water in highest latitudes is a pure thermohaline 
process, the sinking of water at the Polar Fronts and at the Sub-tropical Convergences 
is a process forced by the action of winds. In the absence of winds these convergences 
would certainly not exist (see Section 6). Their maintenance however, requires the 
continuous formation of those water types which sink along the particular conver- 
gence. The sinking and spreading of these water masses occur along o, — surfaces, 
at least in a first and fairly close approximation. Thermohaline processes are con- 
cerned in so far as they limit the amount of water of a particular density which can 
sink, and which must be formed previously by cooling, evaporation, or ice formation. 
These water masses spread according to their density in intermediate levels, chiefly 
equatorwards, and must slowly ascend through the main thermocline into the surface 
layer. It is difficult to estimate the amount of water sinking along the Antarctic and 
the Arctic Polar Fronts, because it is not known how much of the water passing 
the Antarctic Polar Front with a northerly component really sinks, and how much 
is integrated in the surface circulation. When considering the meridional transport 
in the Ekman layer M” caused by a wind stress r* = 1-5 cm? sec~* under the maximal 
westerlies, which are connected by the equation f MY” = r*, the total transport across 
the Antarctic Polar Front is 30 — 35 x 10® m*/sec. On the other hand this sinking 
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water must chiefly supply the ascending motion in lower latitudes in the southern 
hemisphere. If this is of the order of 5 x 10 m*/sec in the South Pacific Ocean 
(see Section 2) the total sinking along the Antarctic Polar Front should be only of 
the order of 10 to 20 million m*/sec. The theoretical model discussed in Section 7, 
gives about 30 million m*/sec crossing the Antarctic Polar Front, which is consistent 
with the value first estimated. 

The consideration of these two entirely different processes of the sinking of water 
masses leads us to a revision of the simple assumptions of the model of the thermo- 
haline circulation shown in Fic. |. Restricting our model to the simpler southern 
hemisphere, it becomes obvious that the water masses sinking along the Antarctic 
Polar Front spread along o, — surfaces equatorwards and ascend in lower latitudes 
through the main thermocline into the surface layer. This circulation seems to be 
a fairly closed one with regard to vertical motions, but also with regard to horizontal 
motions if one considers in addition the circulation in the great horizontal gyres, 
consisting of the west wind drift, the trade drifts, and the western boundary currents. 
It seems too that this circulation, together with its vertical components is chiefly 
wind induced, and that thermohaline effects are involved only in so far as they change 
the properties of the water masses, but they are not really the driving forces. Thus 
the conception of the thermohaline circulation given by STOMMEL (1958a, Chapter 11) 
as an internal mode of the general wind driven circulation, seems to be substantially 
correct, if one limits its application to the ocean above the Deep Water. 

The Bottom and the Deep Water on the other hand have another mode of circula- 
tion, which seems in principle to be driven thermodynamically. The heaviest water 
in the open ocean, the high density Antarctic Bottom Waters, sinks and spreads, 
filling the bottom layers of all oceans. It must slowly ascend and be integrated into 
the Deep Water. The Deep Water in turn is formed by similar processes, like the 
North Atlantic Deep Water, which has a slightly lower density, or comes from adjacent 
seas, as the Mediterranean or the Red Sea, where its high salinity accounts for its 
high density. These components together with the slowly ascending Bottom Water 
form the Deep Water in the different oceans. In order to maintain the continuity 
of flow, it must somewhere ascend to higher levels or even to the surface. Thus, 
parts of the Deep Water could ascend and be integrated into the circulation of the 
Intermediate Waters and finally into the surface layer, but such a process is completely 
hypothetical. On the other hand, there is evidence that the Deep Water, when spread- 
ing polewards in the southern hemisphere ascends from beneath the Circumpolar 
Current into levels just below the surface layer in the Antarctic region. There it 
comes under the influence of winds which cause the Antarctic Divergence in these 
regions, where it is partly integrated into the Circumpolar Current, and partly flows 
westwards around Antarctica until it reaches the area of Bottom Water formation 
again. Nothing is known about the forces which cause the Deep Water to ascend, 
but it might be assumed that the wind induced Antarctic Divergence (KOOPMAN 
1953) is the main reason for its ascending, so that even this part of the thermohaline 
circulation can be understood only with regard to the effect of winds. 

The internal circulation of the intermediate and surface layers and of the deep 
and bottom layers are not completely independent. They seem to be connected by 
the Circumpolar Current, which is discussed in section 8, 
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5. DEEP SPREADING AND WESTERN BOUNDARY CURRENTS 


The analysis of properties of water masses in the deep layers of the oceans, especi- 
ally in the Atlantic Ocean shows that most of these water masses spread in quasi-hori- 
zontal paths over considerable distances. About the forces behind these movements 
nothing is known, but as the winds cannot have any direct influence in these depths, 
the movements can only be the result of the balance between pressure gradients 
and Coriolis accelerations, if friction is negligible, as usually assumed. On these 
principles STOMMEL (1960a) develops a theory of the abyssal circulation in the oceans. 
The ocean is treated as a two-layer model, in which the movements in the central 
parts of the oceans are governed by the vorticity equation on a rotating sphere. In 
order to fulfil the equation of continuity, western boundary currents are introduced, 
which connect the solutions in the central parts of the oceans with the sources of the 
Deep and Bottom Waters. In this way STOMMEL works out a hypothetical pattern 
of the abyssal circulation in the world ocean, but it must be borne in mind, that this 
pattern gives the integrated effects of the circulation below the layer of maximum 
upwards velocity. Consequently, the effects of the spreading of Intermediate Water, 
Deep Water, and Bottom Water are combined into one single circulation pattern, 
even if the movements of the different water masses should be in opposite direction, 
as for instance is the case in the South Atlantic Ocean (WUsT 1957). 

On the other hand STOMMEL’s model offers many characteristic features, which are 
very suitable for an interpretation of the deep circulation of the oceans, as revealed 
by water mass analysis. In each hemisphere and in each ocean basin, a deep horizontal 
gyre develops, with very sluggish movements towards the east and the pole. Out of 
this gyre, water ascends through the thermocline into the surface layer. A western 
boundary current, flowing equatorwards closes the circuit. This boundary current 
draws its water chiefly from a region immediately polewards of the region with ascend- 
ing motion. As the only two sources of Deep and Bottom Water are in the North 
and South Atlantic Ocean, the connection with the western boundary currents in 
the other oceans is effected by an eastward flow in the lower portions of the Antarctic 
Circumpolar Current. 

It must, however, be pointed out that in STOMMEL’s model of the abyssal circulation 
only two sources of sinking water are considered, while the influence of the Inter- 
mediate Water sinking along the Antarctic Polar Front is neglected. Further it is 
assumed that ascending motion prevails over the entire ocean, which is certainly 
not true for the regions polewards of the Polar Fronts. Consideration of these two 
facts might change the model in some detail and might affect the numerical values 
of the transports in the different branches of the abyssal circulation, but would hardly 
change the general pattern. 

The existence of western boundary currents in the surface circulation of all oceans 
is a well known fact, and there is no reason to assume that such boundary currents 
should not also be main links in the circulation in deeper layers. Already WUst 
(1936, p. 243) has shown that the spreading of the different water masses in the deep 
layer of the Atlantic Ocean occurs in narrow bands along the western side of this 
ocean, and DEFANT (1941), by dynamical calculations, has demonstrated the concentra- 
tion of the strongest motion along the western boundary. After STOMMEL, by means 
of the above theoretical considerations, had postulated the existence of such a western 
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boundary current underneath the Gulf Stream such a current has now been measured 
there by SWALLOW and WoRTHINGTON (1957). 

These western boundary currents in the deep layers of the oceans cannot be treated 
by geostrophic balance only, but other effects such as friction or inertia, or both, 
must be considered. Considering friction proportional to the velocity, it can be 
shown that the width of the western boundary current is of the order r/f8, where r 
is the friction coefficient and 8 the variation of the Coriolis-parameter with latitude. 
Taking 8 = 2 x 10-%cm~! sec™? and r = 2 x 10-* sec, a figure of 100 km for the 
width of the current results. WuUst (1957) has shown that in the South Atlantic 
Ocean these strong western boundary currents are found only between one pair of 
stations, which are between 100 and 350 km apart, and that the actual current might 
be much narrower. 

Summarizing it can be stated that the spreading of the deep water masses will 
be concentrated in narrow western boundary currents, and that anywhere else the 
movements will be extremely slow and probably be effected by large scale horizontal 
turbulence. 


6. A MODEL OF A PURE THERMOHALINE CIRCULATION 


It might be impossible to estimate the absolute magnitudes of the contributions 
of wind-driven and thermohaline circulation in the actual ocean, but it would be 
of some interest, if a theoretical solution of the thermohaline circulation could be 
obtained for an ideal ocean, covering the whole earth and in the absence of winds. 
It can be anticipated that the solution of that problem would give a temperature 
distribution very similar to that in the actual ocean with cold water in the polar 
zones and in the deep layers and with only a very thin heated layer in low latitudes. 
On the boundary of these two water masses a strong circumpolar current would de- 
velop in each hemisphere due to the rotation of the earth, and this current would have 
to transfer heat and water from the warm water sphere into the cold water sphere. 
Such a mechanism is, however, only possible if frictional terms or horizontal mixing 
are included because no other terms can give meridional motions in an ocean where 
all zonal gradients must vanish. 

In order to establish a suitable system of equations, polar co-ordinates are used, 
A is the geographical longitude, positive eastwards, @ is the pole distance, the z-axis 
points positive down and R is the radius of the earth. The motion is a balance between 
pressure gradients, Coriolis accelerations and friction, which is taken proportional 
to velocity. The density is considered as a function of temperature only. In the equation 
of continuity of the heat flow only vertical mixing is allowed, A is the coefficient 
of eddy diffusivity. This system of equations is 
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Because of the assumption that all zonal gradients vanish (d/d)A = 0) it follows 
immediately from (8) that 


(14) 


and from (9) 
r op 


v(f?+Pr)= (15) 


Differentiation of (15) with respect to z and using (10) and (11) gives 


with y = RUG?LP) (16) 


where y ia a function of #. 


Integration of (12) from the surface to the bottom (z = B) and assuming that 
w = 0 at z= 0 and z = B gives 


B 
| vdz = 0 


0 


and because v = 0 at the pole (# = 0) 


B 
| vdz = 0 (i7) 
0 
This integral states that the vertically integrated transport across parallels vanishes 
everywhere. 

When integrating (13) under the same conditions it must be kept in mind that 
A dT/dz = 0 at the bottom (z = B), and — p,c A dT/dz = Q(y) is the amount of 
heating or cooling from the atmosphere at the surface of the sea; c is the specific 
heat. With these notations it follows that 

I Q 


| —- (7p sin 9) dz = — 
R sin pyc 


and integration from the equator to the parallel @ gives 


B R fe 
sin [ oT dz = sin dé (18) 
0 Po 2 

This equation states that between two meridians the total vertically integrated heat 
transport across a parallel is equal to the total heat received between the equator 
and that parallel. The equations (16), (17), and (18) now form the system we have 
to deal with to eliminate T and v. In order to solve these equations in a simple way 
the disposition 
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T=G(2)F(* with F(x/2)=T, and G(0)=1 


is made for the distribution of temperature. From (16) follows 


and because of condition (17) 


Up (8) = — dz dz 


vd 
introducing v from (20) and vy from (21) into (18) if follows that 


ob 


K I. ai G dz dz — dz (23) 


Equation (22) can now be integrated, if the distribution of Q, that means that of heat- 
ing and cooling at the surface is prescribed, and if the value K of the integral (23) 
is known. The distributions of heating and cooling is, however, subject to the restric- 
tion that its integral between pole and equator must vanish, in order to assure 
stationary conditions. Thus 


sin 6Qd0=0 (24) 


0 


To select a simple function, which satisfies this requirement and approximates the 
real conditions at the sea surface Q is taken as 


O= —Q,sin3 (25) 


This curve is shown in the lower part of Fig. 3 and shows net heating between the 
equator and 30°, and net cooling between 30° and the pole. With this assumption 
about Q, equation (22) becomes 


2R 


This equation can now be integrated with respect to @ but for this operation y will 
be assumed to be constant, but in principle there is no difficulty in considering it 
as a function of #. The integration results in 


2R Q 


F(#) = T, sin’ with = 


(26) 
The initial equations (16), (17) and (18) however, do not say anything about the vertical 
distribution of temperature, which knowledge is required to solve the integral (23). 
But it is logical to assume an exponential decrease of temperature from the surface 
to the bottom of the ocean in accordance with the observations. This is taken in the 
form 

G(z) =e*/? (27) 
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D can be considered as the approximate depth of the lower boundary of the thermo- 
cline at which the temperature has decreased to about one third of its surface value. 
With this assumption about G (z) if follows for the ‘integral (23) that 


(28) 


or K = 2 D*, if D < B, that means if the ocean is deep compared with the depth of 
the thermocline, as is actually the case. 

In order to find numerical values for that problem it does not seem advisable to 
calculate the amplitude of the sea surface temperature 7, from the other data, but 
to calculate the depth of the thermocline D from the observed amplitude of sea 
surface temperature. Introducing K — 2 D® from (28) into the expression for 7, 
from (26) and using y from (16), gives 


3p, cT,? rg 
The numerical values are : 
R= 63 x 10°cm; f= 10“eecc?; r=2 x 10“ sec"; 
Q, — cal cm~? sec™! = 86 cal/em?/day; py = | gem 


5-5 
30) 
With these values results D — 630 m, which is indeed a very reasonable figure for the 
depth of the lower boundary of the thermocline or for the position of the 10° isotherm 
in lower latitudes. The distribution of temperature according to (19), (26) and (27) 


is given in the central part of FiG. 3, and shows a pattern in full agreement with the 


observed distribution of temperature along a meridional section in the oceans. 
Much more interesting than the distribution of temperature, which could be 
expected from the distribution of net heating and cooling, is the distribution of the 
circulation due to this thermal process. Equations (20) and (21) permit the calculation 
of v and consequently of w according to (12) and of u from (14) and their distribution 
is shown in the upper part of Fic. 3. From (20) the level of no motion can be calcu- 
lated, and it is to be noted that the same level applies for the meridional as well as 
for the zonal motion. This level is situated at the constant depth of 1300m. The 
zonal component of the surface velocity has a maximum of about 4:5 cm/sec in 50° 
latitude and this would correspond to the position of the Circumpolar Current. 
The flow is eastwards above 1300 m and westwards below this depth. There is no 
westward flow in the upper layer, and the total transport above 1300 m_ between 
equator and pole is 134 < 10° m*/sec to the east, corresponding roughly to the 
transport of the Circumpolar Current. The meridional flow is polewards in the upper 
and equatorwards in the lower layer, the maximal velocity at the surface is 0-1 cm/sec, 
and in the deep layer only a tenth of this value. The total meridional transport in 
the upper layer across 45° latitude is 9-7 x 10° m*/sec, and this figure gives in fact 
the strength of the thermal circulation at the prescribed distribution of heating and 
cooling. From this value it must follow that also in the actual ocean the thermohaline 
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circulation can be only weak, and that its role must be less important than that of 
the wind driven circulation. Moreover the calculation of w gives in lower latitudes 
maximal values of the ascending motion of 1-3 x 10-*cm/sec, which are smaller 
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Fic. 3. Circulation and temperature distribution in a pure thermohaline circulation, caused 
by heating in lower and cooling in higher latitudes according to the distribution given at the 
bottom of the figure. 


3 x 10-5). 


than the values usually found from calculations of the wind stress curl, (w 
Thus the thermohaline circulation alone would be essentially slower than the circula- 
tion in the actual oceans, and therefore the effect of the winds is dominant. 
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It is, however, interesting to compare the thermohaline circulation shown in FIG. 3 
with the circulation in the actual ocean and to see which features are not found in 
a pure thermohaline circulation and must therefore be conditioned by the winds. 
The first is the lack of a westward flow in lower latitudes, but as this is caused by the 
trade winds, and is only a comparatively shallow current, it can be easily understood. 
On the other hand there is no convergence at the Antarctic Polar Front, no Sub- 
tropical Convergence, and no Antarctic Divergence, and all these features must 
consequently be ascribed to the action of the wind, also with respect to their conse- 
quences on the deep circulation. But this pattern of a simple thermohaline circulation 
is also in contrast to the conception of STOMMEL (1957, p. 182) regarding the role of 
the Circumpolar Current, according to which this current draws water from the deeper 
layers and discharges it at the surface equatorwards. There can be no doubt that 
this equatorward flow occurs in the Circumpolar Current, but it cannot be excluded 
that the strong lateral mixing, certainly associated with the current, effects a poleward 
transport of heat. 

The only features, which are truly reflected in this picture of a pure thermal 
circulation are, the ascending of water through the thermocline in lower latitudes, 
the strong thermocline itself, and the sinking of water in high latitudes around 
Antarctica. This pattern shows very well all the features of the thermohaline circulation 
shown in Fic. |, which is based on the old conception, but the model allows the strength 
of such a circulation to be calculated numerically from the heating and cooling at 
the sea surface. 

Concluding, it can be stated that (i) the strength of the thermohaline circulation 
in the oceans is much less than that of the wind driven circulation, that the only striking 
thermohaline effects are (ii) the formation of the thermocline in connection with 
upward motion in lower latitudes and (ili) the sinking of the Bottom Water in highest 
latitudes. There are, however, other weaker thermohaline processes developed, for 
instance in connection with the formation of the Subtropical Lower Waters and 
probably near the Antarctic Polar Front. 


7. CIRCULATION AND DENSITY DISTRIBUTION IN A MERIDIONAL PLANE 

The fact that the water masses in the deep ocean spread chiefly in meridional 
directions over long distances indicates the need for a study of the deep circulation 
in a meridional plane. On the other hand, the discussion in Section 6 has shown that 
a pure thermohaline conception of the deep circulation fails to explain many important 
features of the deep circulation. For these reasons another model is constructed 
which includes the effects of the wind stresses, and might be helpful towards a better 
understanding of the deep circulation. Hydrographic sections on the oceans of the 
southern hemisphere show, between 35 °S and the Antarctic Continent, an almost 
identical pattern, independent of longitude, at least in so far as the principal features 
are concerned. Therefore, it is assumed for the following treatment that all zonal 
gradients vanish. The following system of the hydrodynamical differential equations 
is used with friction proportional to velocity : 


— Sov +r peu = - (29) 


fpyu + rpyv= — (30) 
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(31) 
(32) 


[ pg dz (33) 
0 
The equations refer to the southern hemisphere, the x-axis points eastwards, the 
y-axis polewards, the z-axis vertically down, the other symbols have the conventional 
meanings. Because we are not interested in the zonal components of the motion, 
u is eliminated between (29) and (30), and on introducing p from (33) the equation 
for r is 
or? dh 

The equation of continuity of flow (31) allows the introduction of a stream function 

d with 
dd 


(35) 


and combination with the equation of continuity of mass flow (32) gives 


dd Ip dd Ip 
(36) 
Oy oy dz 


Ce 


The problem is now to determine the functions ¢ and p and for this purpose the ocean 
is divided into a shallow Ekman layer and a deep layer at the depth z = E. It is 
assumed that the wind stresses are of importance only within the Ekman layer and 
have no direct influence on the movements in the deep layer. With this assumption, 
equation (34) becomes much simpler and the distribution of v in the deep layer is 
given by 
with a=" (37) 
rg 

Differentiation of (37) with respect to z and introducing ¢ from (35) give 


9 


(38) 


Equations (38) and (36) now form a system which governs the distribution of ¢ and 
p in the deep layer. From (36) follows immediately that 


d F (p) (39) 


where F is an arbitrary function of ¢, and (38) then becomes 


F dp 


(40) 


a 
If )F/d¢ is considered as a function of y, and its values at z = E will be determined 
later from considerations about the Ekman layer, equation (40) has the form of the 
equation of heat conduction, but with a variable exchange coefficient. Therefore its 
solutions will be in principle similar to those of that equation, which are well known. 
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The determination of the relation between p and ¢ is possible by means of an 
analysis of the conditions within the Ekman layer. Integration of equation (34) 
with respect to z from the surface to a depth z = E gives 


E E fz 
{ vdz= —fretrts repo E— re ae as (41) 
- Jo oy oJ ody 


where 7,* and 7,” are the values of the wind stress at the surface. 
Further it follows directly from (35) that 


E 
0 

where 7” is the meridional transport within the Ekman layer. Therefore an evaluation 
of the terms on the right hand side of equation (41) would give directly the values 
of ¢ at the depth E. In order to get an impression of the importance of the different 
terms in equation (41) their magnitude will be estimated. The Coriolis parameter 


f varies from 10-4 sec~! in about 45° latitude to 5 x 10-* in 2° latitude and because 


the friction coefficient r is of the order 2 x 10~-* sec-! the meridional component of 
the wind will be of importance only in lower latitudes. The magnitude of the wind 
stress t is | cm? sec~®. A typical value of the slope of the sea surface dh/dy is 50 x 10-8 
(100 cm in 2000 km) and of the horizontal density gradient in the surface layer 
dp/dy is 5 x 10° (Ao, = 1 in 2000 km). The thickness of the Ekman layer E is 
taken as 200m. With these values the magnitudes of the terms on the right hand side 
of equation (41) in about 45° latitude are 10-4, 2 x 10-*, 20 x 10-®, 4 x 10~® respectively. 
From these it can be seen that the values of ¢, at the depth E and therefore of T” 
are practically governed by the distribution of the zonal component of the wind 
stress 7,*. On the other hand it follows from (35) 


(43) 
0 

where w’, is the vertical velocity at z = E. Thus ¢, can be determined either from wind 
data and the topography of the sea surface according to (41) and (42) or from the 
distribution of w at the bottom of the Ekman layer. As soon as ¢, is calculated 
and p, at the depth E is known from observations, the relation between ¢ and p is 
established as a function of the parameter y, required to solve equation (40). To 
obtain an appropriate solution of ¢ and p the boundary conditions must be prescribed. 
They are given by 4, and pg at z — E, by ¢ = Oat the surface (z = 0) and the bottom 
(z = D) of the ocean and at y = L, representing the Antarctic continent, and by the 
vertical distribution of p at y = 0, which consequently gives ¢ at y = 0. 

In order to get an impression of the distribution of ¢ and p in a meridional plane 
as required by equations (40) and (36), Fic. 4 has been prepared. It shows first the 
distribution of the zonal component of wind stress, as averaged from the data of the 
South Pacific Ocean given by HIDAKA (1958) and supplemented south of 50 °S with 
data frcm United States Navy Hydrographic Office (1957). The next curve gives 
¢, or T” according to equation (41) and determined from the above wind stress 
data and the topography of the sea surface as given by SverDRuP (1946, p. 614) 
for a section across the Circumpolar Current and by the observations of the Carnegic 
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Institution of Washington (1945, Fig. 245), for the lower latitudes of the South Pacific 
Ocean. This curve represents the meridional transports within the Ekman layer. 
It shows poleward movements between the Antarctic Divergence and the Antarctic 
continent, with a maximal poleward flow of T” = 0-25 x 104 across 65 °S. Between 
the Antarctic Divergence and the Subtropical Convergence the surface flow is equator- 
wards with a maximal value of 104 cm? sec-!. This maximal flow appears in 52 °S 
and indicates the position of the Antarctic Polar Front which structure will be discussed 
in Section 8. Between the equator and the Subtropical Convergence the flow is again 
polewards, and as the figures present average conditions over the whole width of the 
ocean the poleward flow might be actually concentrated in a western boundary current. 
The similarity of this curve to that of the zonal component of wind stress is apparent, 
and demonstrates that the other terms in equation (41) modify this distribution 
only slightly. There is in fact no need for ¢ to become zero at the equator, a negative 
value would mean that more water sinks in the southern hemisphere than ascends, 
and this might reflect the conditions more properly. 

The next curve gives the distribution of density at 200m depth, which is also 
drawn from the above mentioned figures by SVERDRUP. These two curves give now 
the required relation between p and ¢ according to equation (39). The fact that 
dp/d¢ becomes infinite at certain places is of no particular importance, because 
it reflects only the fact that at these places d¢/dy must be zero, indicating w = 0. 
Moreover, the vertical distribution of p at the equator, y = 0, is prescribed as a 
boundary condition, and becasue of equation (39) also the distribution of ¢ is given. 
In order to complete Fic. 4 the vertical distribution of p and of v = — d¢/dz at the 
equator have been added at the left of the sections giving p and ¢. 

Now it would be possible to find the solution of equation (40) with the given 
boundary conditions, but as this would require much mathematical effort, the solution 
is only inferred from solutions with constant coefficients and sketched schematically 
in Fic. 4. From equation (36) it is clear that lines of equal density must run parallel 
to stream lines, thus confirming the validity of the method of isentropic analysis 
used by MONTGOMERY (1938). Thus, it is only necessary to re-value the lines of equal 
density as shown in FIG. 4 according to relation (39). The direction of motion along 
these lines can then easily be found from the distribution of ¢, or better from that 
of w, = d¢,/dy which is shown on top of the section representing the flow pattern. 
This shows the sinking and equatorwards spreading of the Bottom Water as the lowest 
water mass starting from the Antarctic continent, the poleward flow of the Deep 
Water and its ascending on both sides of the Antarctic Divergence, the sinking of 
the Intermediate Water between Antarctic Polar Front and Subtropical Convergence 
and its spreading equatorwards and finally the ascending of water through the main 
thermocline into the surface layer in lower latitudes. 

It must, however, be noted that there is no exchange of water from one water 
mass into the other within the deep ocean in this flow pattern, which is an effect of 
the neglect of vertical mixing in equation (32). Therefore each of the lines separating 
the four water masses in the lowest section of Fic. 5, and in fact any stream line, 
could be replaced by a rigid surface through which no exchange is possible. Conse- 
quently the horizontal flow at the equator is absolutely equal to the amount of water 
sinking or ascending through the bottom of the Ekman layer. In the real ocean, 
however, fairly large parts of the various water masses would transgress the boundary 
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surfaces between the characteristic water masses. Thus the water sinking at the 
Antarctic Continent is to a large extent soon mixed with ascending Deep Water and 
comes again into the surface layer. Later on, the Bottom Water ascends gradually 
along its horizontal northward way and passes over into the Deep Water. On the 
other hand considerable amounts of water sinking between the Antarctic and the 
Subtropical Convergences seem also to return with the Deep Water southwards 
immediately after sinking. This process described by SverpRuP (1933) is discussed 
on a dynamical basis by WyrTKI (1961). Moreover the whole of the Intermediate 
Water flowing equatorwards must finally ascend through the main thermocline and 
pass over into the surface layer. Whether or not there is an exchange of water between 
the layers of the Intermediate Water and the Deep Water in lower latitudes has not 
yet been established. 

After this qualitative discussion it seems advisable to consider the numerical 
values of this model in more detail. The values of ¢, calculated chiefly from the 
zonal distribution of wind stress give also the transports in the various layers, if 
they are related to a certain width of the ocean. With the assumption of an ocean 
5000 km wide, the transport in the bottom layer would be only 1-25 x 10° m*/sec 
the poleward flow of the Deep Water would be 6-25 = 10° m*/sec and that in the 
Intermediate Water 7-5 10® m/sec. These values are comparable with the net 
water transports calculated by WiUst (1957, Table 23) for the different layers of the 
South Atlantic Ocean. He gives 3 = 10° m*/sec for the Bottom Water, 26 x 10° m*/sec 
for the Deep Water, and 23 x 10® m*/sec for the combined flow of Intermediate 
and surface water. Even if his values are much higher, because they reflect the stronger 
deep circulation of the Atlantic Ocean compared with the Pacific Ocean, for which 
our data were selected, they show the same characteristic distribution and the same 
order of magnitude. On the other hand the vertical upward velocities have values 
between | and 3 x 10-5 cm/sec in lower latitudes and agree therefore well with the 
value of 3 10-* calculated by STOMMEL (1958b) as an average for the lower’ latitudes 
of all oceans, and with the values given here in Sections 2 and 3. In the range of the 
Antarctic Polar Front and the Antarctic Divergence the values of w reach, however, 
10 10-° cm/sec and more. 

This discussion of the meridional circulation in the deep layers of the ocean 
shows clearly that the ocean is divided into four layers, as already stated by WUsT 
(1950, 1957) and that only the consideration of this fact can lead to an understanding 
of the processes involved in the deep circulation. Consequently any model of a 
two layer ocean can result only in conclusions about the upper layer and must lead 
to discrepancies in conclusions about the processes in the deeper layers. This model 
reflects clearly the principal features of the deep circulation, as they are known from 
the analysis of water masses, and relates them to the driving forces and to the distribu- 
tion of mass. And even if the circulation discussed here applies to a zonally uniform 
ocean, and reflects average conditions, the introduction of limited meridional 
boundaries would probably only cause a concentration of the motion in western 
boundary currents, as has been shown to happen in the Atlantic Ocean, but would 
not seriously disturb the general pattern. 


8. THE DEEP CIRCULATION IN THE OCEANS 


It now seems desirable to combine the results of the discussion on the processes 
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in the various branches of the thermohaline circulation, of the model of a pure thermo- 
haline circulation, and of the model of the deep circulation in a meridional plane, 
into a general picture of the deep circulation in the oceans. This picture must agree 
with the qualitative results derived from the analysis of water masses, but beyond 
that it must result in quantitative values of the transports in the various branches 
of the circulation, which in turn must not contradict the equation of continuity. 
The main problem in this connection does not seem to be the estimation of the trans- 
ports in the different branches of the circulation, but the evaluation of the processes 
in the regions where they interact. 

The Antarctic Bottom Water as the heaviest water mass in the open ocean, is 
probably formed only in the Weddell Sea and spreads from there northwards and 
castwards, filling the bottcm layer of all oceans, but chiefly that of the Atlantic Ocean 
(Wust, 1938). The amount of this sinking was estimated in Section 4 to be of the 
order of 10 x 10® m*/sec. This water ascends slowly while it is heated from above 
and is integrated into the Deep Water. 

The Deep Water itself is formed in the North Atlantic Ocean only and spreads 
from there southwards. The amount formed might be of the same order as that 
of the Antarctic Bottom Water, but it is much more difficult to estimate, because it 
has at least two individual sources, which operate probably only seasonally. On its 
way to the south it received an injection from the highly saline Mediterranean Water 
which gives only a small contribution to its mass, but affects its salinity quite consider- 
ably, so that further on this water mass is characterized by a salinity maximum. It 
spreads through the whole South Atlantic Ocean and turns partly into the Indian 
Ocean. In the Indian and the Pacific Oceans there is no independent formation of 
Deep Water, if one neglects the small injection of Red Sea Water into the Indian Ocean 
in the 1000 m level, and only a very weak return flow of the ascending Bottom Water 
might occur. 

All this Deep Water spreads southwards underneath the Circumpolar Current 
until it comes close to the Antarctic continent under the influence of the ascending 
motion in the region of the Antarctic Divergence. Here it must ascend and be inte- 
grated partly into the westward flow along the Antarctic continent. Such a flow is 
in fact indicated in the distribution of temperature in all Discovery sections as shown 
by SVERDRUP (1933) and can be proved by means of a dynamical analysis of these 
sections (WyYRTKI 1961). 

The Intermediate Water together with the water masses sinking along the Sub- 
tropical Convergences spreads equatorwards in all oceans and ascends slowly through 
the main thermocline into the surface layer. The ascending water masses are added 
to the surface circulation and flow again polewards with the western boundary currents 
at the surface, so that this circulation is closed. Its strength has been estimated in 
Section 2 to vary between 3 and 10 x 10® m*/sec in each ocean and hemisphere. 
This circulation is in fact identical with that discussed by STOMMEL (1958a, Chapter | 1) 
as shown in Section 4 and therefore needs no further comments. 

These two modes of circulation, that of the Bottom and Deep Water, and that 
of the Intermediate Water and the surface water in lower latitudes, are linked by 
the Circumpolar Current in the southern hemisphere, and consequently this current 
and its internal circulation must be the key to the understanding of their interaction. 
If we consider the Circumpolar Current as wind-driven and there seems to be general 
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agreement about this fact, the surface flow in the Ekman layer must be divergent 
to the 1ight of the maximal westerlies and convergent to the left, and the maximum 
northward transport must coincide with the maximal westerlies. Underneath the 
Ekman layer the baroclinity of the system is of such a kind that in the presence of 
friction it must produce poleward motions, and these are certainly not only effective 
in depths, where the Deep Water is found, but reach even higi€r values just below 
the Ekman layer. Consequently large amounts of the water sinking north of the max- 
imal westerlies must return in this layer southwards and again feed the Antarctic 
Divergence. 

In this connection the role of the Antarctic Polar Front, which we prefer to the 
name Antarctic Convergence (WyRTKI 1960), is worth mentioning. By convention 
this line has been drawn at the position of the strongest meridional gradient of 
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surface temperature, which lies usually between 2 and 4°C. In this way DEACON 
(1937) also indicates the Antarctic Polar Front in the Discovery sections, but an exam- 
ination of the salinity sections shows that often the sinking of the Intermediate Water, 
indicated by a minimum in the salinity, occurs much further to the north (Discovery — 
sections 7, 9, and |1!). Consequently, it must be assumed that the Antarctic Polar 


= 


° 10 20 30 40 so so ° 
e 
+ 
mm 1 
1000 
| / 
2000 : 
anti 3 
3000 
<— 
: 


The thermohaline circulation in relation to the general circulation in the oceans 63 


Front is not the line where the maximal sinking occurs, but lies near the position 
of the maximal westerlies and indicates the neutral point between ascending motion 
to the south and sinking to the north. From this point of view the Antarctic Polar 
Front is not really a convergence, but indicates the southern boundary of sinking 
motion, or the line at which the first sinking occurs in the northward flowing Ekman 
layer. On the other hand, WEXLER (1959) gives observational evidence of divergent 
motions along the position, usually called the Antarctic Convergence, and concludes, 
that this line is really a divergent phenomenon created by strong winds causing un- 
balanced ocean surface currents and consequently upwelling of deeper water. The 
highest velocities of the Circumpolar Current lie, however, to the north of the Antarctic 
Polar Front and with them also the strongest meridional surface slope. In periods 
of weak winds, this surface slope causes certainly a flow of slightly warmer surface 
water, (Sub-Antarctic Upper Water) towards the south and thus strengthens the 
temperature discontinuity at the southern flank of the Circumpolar Current. During 
periods of strong winds, on the other hand, the surface flow will be northwards and 
the sinking intensified, starting approximately from the position of the Polar Front. 
This indicates that the Antarctic Polar Front is a divergence at strong west winds 
and a convergence at weak west winds. Therefore a better name, involving no 
specifications about the vertical movements along this line, is Antarctic Polar Front, 
as suggested by the author (WyRTKI 1960). 

From all these results there follows a conception of the circulation in the oceans 
which requires a four layer ocean and which is sketched in Fic. 5. The lower mode 
of the circulation is composed of the bottom layer, formed by the Antarctic Bottom 
Water, and the deep layer, formed by the North Atlantic Deep Water, both of which 
ascend in the Antarctic Divergence to the surface. The upper mode of the circulation 
consists of the Intermediate Waters, the thermocline and the wind driven surface 
circulation in lower and mid-latitudes. The Circumpolar Current and the Antarctic 
Polar front form the link between these two modes. The only thermohaline features 
in this circulation are the formation of the Bottom and Deep Water and that of 
the thermocline, while the ascending of the Deep Water, the sinking of the Intermediate 
Water, the ascending through the thermocline and naturally the surface circulation 
are wind driven. This shows that the wind induced divergences and convergences 
at the bottom of the Ekman layer are essential to drive the deep circulation. 


Division of Fisheries and Oceanography, C.S.1I.R.O., 
Cronulla, Sydney. 
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An inductive salinometer 
N. L. BROWN and B. V. HAMON* 
(Received 15 November 1960) 


Abstract—The inductive salinometer is an instrument for measuring the salinity of sea water to 
an accuracy of approximately 0-003 parts per mille. The instrument is portable and does not require 
a temperature-controlled bath for the samples. The general design and operation of the instrument 
are described, and test results are summarized. 


INTRODUCTION 
MEASUREMENT of salinity by electrical conductivity is now well established as an 
alternative to the Knudsen titration method. The advantages are greater speed 
and convenience, and higher accuracy. 

Since the electrical conductivity of sea water depends on temperature as well 
as on Salinity, either the sample temperature must be measured accurately, or some 
form of temperature compensation provided. In the most accurate instruments 
so far developed, temperature compensation is obtained by using two conductivity 
cells in adjacent arms of a bridge; one cell is filled with the unknown and standard 
samples in turn, while the other provides temperature compensation. The two cells 
must be at the same temperature (to an accuracy of about 0-001°C), if compensation 
is to be satisfactory, and this requirement has been met by immersing the cells in a 
thermostatically-controlled oil bath. 

An alternative method of temperature compensation is the use of negative- 
temperature-coefficient resistors (thermistors). By using a small glass-enclosed 
thermistor immersed in the sample, a simple portable instrument has been designed 
(HAMON 1956) with an accuracy equivalent to that of the Knudsen titration. 

In the present design, the principle of thermistor temperature compensation 
without the use of a controlled oil bath has been extended to give an accuracy of 
about 0-003 parts per mile in salinity. At the same time, the disadvantages of the 
usual type of conductivity cell, in which metal electrodes are in contact with the 
sample, have been avoided by using the inductive coupling principle (CALVERT, 
1956, Gupta and HI Ls, 1956, EASTERSON, 1957, PRITCHARD, 1958). 

Fic. | shows the basic circuit of the instrument, and FIG. 3 is a simplified diagram 
of the measuring head. The voltage transformer 7, and current transformer 7, 
are wound on indentical high-permeability strip-wound toroidal cores. They are 
mounted close together co-axially, and completely enclosed in an epoxy resin casting 
to form the toroid assembly (FiG. 3). This assembly is supported inside a clear 
plastic housing. The space between housing and toroid assembly, and the central 
hole in the toroid assembly itself, are filled with the sample to be measured (FIG. 3). 
The sample is then equivalent to a single-turn winding linking the magnetic circuits 
of both 7, and 7,. This equivalent winding has a resistance (R,,, Fic. 1) which 
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depends on the geometry of the toroid assembly and housing, and is inversely pro- 
portional to the conductivity of the sample. R, is of the order of 60 ohms at 20°C 
for water of salinity 35 parts per mille. 


OSCILLATOR A 
10 K/s 


0-8, 0-9, 1-0, 1-1). 


X in Fic. |. 


T,: current transformer. Rw : 
adjustment for temperature compensation. 


dizing resistor. Ry, : 
balancing control (conductivity ratio, details in Fic. 2). 


detector winding D. 


numbers of turns : S, and S,: 10 


Fic. |. Simplified circuit diagram of the inductive salinometer. 7, : 
resistance of the water path linking 7, and 75. R, : 


The primary winding (A) of the voltage transformer is supplied from a 10 K c/s. 
oscillator. Besides the single-turn linkage due to the sample, the two transformers 
are also linked by windings B and C and the resistance network R,, R:, R; connecting 
them. The polarities of the windings are chosen so that in the current transformer 
T, the magnetizing effect of the current /. is opposite to that of the current in the 
water path. By adjusting the voltage output from winding B, the current i, is varied 
until the flux in 7, is reduced to zero, as indicated by zero voltage induced in the 


DETECTOR 
AMPLIFIER 


| @ 


voltage transformer. 
standar- 
Rr: thermistor. X: main 


G3 TURNS 1} | TURN 
TURNS 2 
TURNS 


3 TURNS 


24 TURNS 


Fic. 2. Details of the tapped transformer ratio adjustment. 
S,-S; : decade ratio switches. The windings on 7; and 7, have the following 
10 turns; S, and S;: 10 x 1 turn. 


For simplicity, the balancing adjustment has been shown as a single variable tap 
The actual circuit is shown in more detail in Fic. 2, and consists of a 
four-position main dial (S,) and four decade dials (S,—S;), by which means the output 
voltage can be adjusted to one part in 100,000. This is achieved by using two addi- 
tional toroidal transformers in cascade. A similar balancing circuit is used in the 
N.1I.0. Thermostat Salinity Meter (Cox, 1958). 
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The thermistor R; in FiG. | is mounted in the space between the housing and 
the toroid assembly (Fic. 3) and provides temperature compensation by altering the 
current in winding C when the sample temperature changes. Details of the tempera- 
ture compensation, and use of the variable resistors R, and Rs, are discussed in 
later sections. 


o 


T 


T 


Fic. 3. Simplified diagram of the measuring head. | : leads from toroid assembly. 2 : support 


stem for toroid assembly. 3: stirring motor. 4: connection to aspirator. 5: stirrer. 6: 

thermistor. 7: toroidal core of voltage transformer. 8 : toroid assembly. 9: toroidal core 

of current transformer. 10: clear plastic housing. |! : path of electric current in the water 
sample. 12: stopcock. 13: sample container. 


The cores of transformers 7, and T, are shielded magnetically from one another, 
and the associated windings and leads are shielded electrostatically. The magnetic 
shielding of 7, also ensures that equal voltages are induced in each secondary turn, 
so that high accuracy is achieved in the secondary voltages ratios. The design of 


3 
— +N 
N 
; N N- -- N N 9 
1 
he 


68 x. Brown_and B. V. HAMON 


transformers of this type, in which high ratio accuracy is required, has been dealt 
with by CLARK and VANDERLYN (1949). The arrangement of windings, shields, 
and cores for 7, and 7, is shown in the cross section of one side of the toroid assembly 
(Fic. 4). Transformers 7; and 7, (FiG. 2) use cores and magnetic shields identical 
with those of 7, and 7,, but all windings are outside the magnetic shield. 


RAN 


4 

4 mM 3 

Va 

10 

y y 

Va 


1 CM 


Fic. 4. Section of one side of toroid assembly. | : epoxy resin casitng. 2 : electrostatic shield 


(brass). 3 : secondary winding of voltage transformer (B, Fic. 1). 4 : magnetic shield (copper). 
5: primary winding of voltage transformer (A, Fic. 1). 6 : strip-wound core of voltage trans- 


former (Permalloy *C’). : section of heater winding. 8: strip-wound core of current 
transformer. 9: detector winding (D, Fic. 1). 16: magnetic shield. 11: primary winding 
of current transformer (C, Fic. 1). 


Fic. 5 is a photograph of the instrument. The overall dimensions, without the 
front cover, are 25 in. = 9 in. 17 in. high, and the weight is 60 lb. The aspirator 
pump used in filling the cell is mounted behind the main panel. The oscillator and 
the detector amplifier use transistors. The equipment operates from A.C. mains, 
but could be adapted to battery operation by changing the aspirator and stirrer 
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TEMPERATURE COMPENSATION 


Two problems had to be solved before a thermistor could be considered satisfactory 
for temperature compensation in the present instrument. The first problem was that of 
making sure that the thermistor is accurately at the average temperature of the sample. 
This was solved by stirring the sample vigorously while a balance is being obtained. 

The second problem is that, for the high accuracy required, a single fixed resistor 
in series with the thermistor (HAMON, 1956) does not give satisfactory temperature 
compensation over a wide temperature range. This can be overcome by making 
the series resistor adjustable. The optimum setting of the resistor (R,, Fic. 1) for 
each temperature in the expected operating range is then found during laboratory 
calibration, and the resistor set to the value corresponding to the sample temperature 
each time the instrument is used. The settings of R, as a function of temperature 
depend on the individual thermistor used, and consequently must be determined 
for each instrument. (The effective resistance in series with the thermistor is really 
the parallel combination of R, and R,, but since R, (~ 5000 ohms) is much greater 
than R, (~ 75 ohms), the effect of R, and its variations can be neglected). 

Changes in R, alter the current i, for fixed setting of the ratio dials (S,—S,, Fic. 2), 
as well as changing the effective temperature coefficient. To compensate for this, 
and also to allow for slow drifts in balance point from any cause, R, is provided as 
an overall calibration adjustment. R, is a four-decade resistor (three decades in the 
two prototype instruments) with a fixed resistor in series, the overall range being 
5500 to 6000 ohms in steps of 0-05 ohm. R, is a two-decade resistor, with steps of 
5 ohm and 0-5 ohm, in series with a fixed resistor. Both R, and R, must be stable 
for short periods, but their actual values need not be known accurately. 

The settings of R, and R, may be altered only when the cell contains water of 
known salinity. The time intervals between adjustments of R, depend on the 
thermistor characteristics and the thermal uniformity of the samples (see below). 
In practice, R, is adjusted at the beginning of the test on a batch of samples, and only 
rarely does it need to be re-adjusted durtng the test. R, may need slight adjustment 
each time a standard or substandard is used. 

Aging of the thermistor is allowed for in the calibration adjustment, but if the 
aging is accompanied by a change in temperature coefficient, the settings of R, 
as a function of temperature would be altered. So far there is no evidence that 
changes of this kind will be serious, but it was thought worthwhile to make provision 
for checking the accuracy of temperature compensation at any time. A heater winding, 
(6:3 volts, 7 watts dissipation) has been provided in the toroid assembly (Fic. 4) 
so that a sample can be warmed while in the cell, and the effect on the balance con- 
dition observed directly. 

Curve A in FiG. 6 shows the variations in ratio dial reading as a function of 
temperature for a particular salinity, and for a fixed setting of R, (76:2 ohms). 
Curve B shows the optimum values of R, as a function of temperature, derived from 
the slope of curve A. The instrument is correctly compensated for temperatures 
at which curve A has zero slope. The effect of adjusting R, is to tilt curve A so that 
the two positions of zero slope occur at different temperatures. Curve B, corresponds 
to curve B, but was obtained on a different instrument, and illustrates the relatively 
large changes due to using a different thermistor. 
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In use, the temperature (7) of an unknown sample will not be exactly equal to 
that of the standard sample (7,) against which it is compared, and R, will differ by a 
small amount (A R,) from the value that would give exact compensation at the mean 
temperature (7, + 7,)/2. It can be shown that the error in the salinity found for the 
unknown, due to the inequality of 7, and 7, and the error A R,, is approximately 
AS=3 x 10°°*AR,(T, —T,) parts per mille. Experience has shown that with 
moderate care T, — T, does not exceed 05°C. An upper limit for A R, is more 
difficult to determine, since it depends on the accuracy with which the required 
values of R, as a function of temperature can be determined during laboratory 
tests, and on the stability of these values. Experience suggests that A R, does not 
exceed 1 ohm. With these values, the salinity error AS should not exceed 0-0015 
parts per mille. 
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Fic. 6. Typical curve of ratio dial readings as a function of temperature at a given salinity 
(curve A). Curves B and B, show the values of Ry necessary for correct temperature com- 
pensation at different temperatures, for two different instruments. 


Since the temperature coefficient of conductivity of sea water depends slightly 
on salinity, R, should be a function of salinity as well as of temperature, but the 
dependence on salinity is too small to be of practical importance. At a salinity 
of 38 parts per mille, for example, R, should be increased by not more than 1 ohm 
above the value found for water of 35 parts per mille. 

It has been noticed that the first few of a batch of samples may sometimes be 
slightly in error, even when 7, and 7, are nearly equal. This is due to the cell not 
being initially at the same temperature as the samples, so that in spite of the vigorous 
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stirring thermal gradients exist near the surfaces of the toroid assembly. Errors 
from this source can be avoided by using two or more substandards at the start of 
each batch, and leaving each in the cell long enough to reach temperature equilibrium. 
Thermal gradients also appear when temperature compensation is being checked by 
using the built-in heater, and during laboratory determinations of the optimum 
settings of R,. In these operations, two to five minutes must be allowed for the 
gradients to disappear. 


CALIBRATION 


The reading of the ratio dials S,-S, (Fig. 2) is proportional to the conductivity 
of the sample, and tables are necessary to convert the ratio dial readings to salinity. 
Since the published sea water conductivities of THOMAS et a/. (1934) may not be 
accurate enough (POLLAK, 1954), a direct calibration of the instrument was carried 
out. Samples whose relative chlorinities were accurately determined by gravimetric 
dilution with distilled water were measured at a number of temperatures in the 
range 12-5°C to 325°C. 

The sample chlorinities were converted to salinity by the Knudsen equation : 


S = 1:8050 Cl + 0-030 


Table 1. Relative conductivities of sea water at 22:5°C 


Salinity | Relative conductivity 


0-92313 


Table 2. Corrections to be added to salinity obtained from Table | 
(unit: 0-001 parts per mille) 


Salinity Temperature (°C) 
(parts per 
mille) 


+ + 


+ 


The experimental results were used to calculate a conversion table similar to 
those given by Cox (1958), but for a temperature of 22:5°C. A double-entry correc- 
tion table to take account of the variation of conductivity ratio with temperature, 
was also calculated. The conversion table was interpolated from the conductivity 
ratios in Table |, while Table 2 is a condensed version of the correction table. Since 
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the corrections in Table 2 are very small in the salinity range where greatest accuracy 
is required (34-5 to 35-0 parts per mille, the range found at depths greater than 2000 
metres in all oceans), it has been the practice in this laboratory to simplify processing 
by not applying the correction. 

The conductivity ratios in Table | differ appreciably from the corresponding 
values calculated from the values of THOMAS et al. (1954), especially at the higher 
salinities, but are in good agreement with results obtained recently in England on 
the N.I.O. Thermostat Salinity Meter (Cox, private communication). 


OPERATION 


When used on board ship, it is essential to let the samples reach laboratory 
temperature before measurements are started. Ampoules of Copenhagen standard 
water, or bottles of a substandard that has been compared with the Copenhagen 
water, are placed in the same crates as the samples for an hour or more so that they 
will reach the same temperature. During this time the crates should be stored where 
there are no strong thermal gradients, and preferably where the temperature is 
within a few degrees of the instrument temperature. 

The cell is first filled with standard (or substandard) water and the ratio dials 
set to the value in the conversion table corresponding to the known salinity. The 
water temperature is measured by a bridge circuit connected to a separate thermistor 
mounted similarly to the compensation thermistor. R, is set to the value correspond- 
ing to the water temperature (Curve B, Fic. 6), and the instrument is standardized 
by adjusting R, until a balance is obtained. Samples are then measured in turn by 
balancing with the ratio dials, without altering R, or R,. Substandards are used 
for checking drift after each ten to fifteen samples. It is not necessary to measure 
the temperature of every sample. 

If samples from each station are measured in order of depth, starting at the 
surface, it is not necessary to rinse the cell with part of each new sample. Tests have 
shown that the cell retains not more than 1-3 per cent. of its contents when drained, 
so that the error due to contamination from the previous sample does not exceed 
1-3 per cent. of the difference in salinities. The cell is always rinsed before filling 
with either standard or substandard water. 

Bubbles can appear in the cell due to filling too quickly, or due to dissolved 
gas liberated from the sample. In the former case the bubbles become visible as a 
result of movement when the stirrer is switched on; they also cause the balance 
point to fluctuate. Bubbles from dissolved gas are too small to see when first formed, 
but their gradual formation is indicated by a steady drift in balance towards lower 
salinity. In either case, the trouble can be remedied by draining the sample back 
into the sample bottle and refilling. Liberation of dissolved gas may continue, 
but in practice a balance can be obtained so quickly on the second filling that the 
salinity error from this source does not exceed 0-001 parts per mille. 

The cell volume in the two prototype instruments is 80 cm*, but it should not be 
difficult to reduce this to 50 cm® by slight changes in design. Duplicate samples are 
drawn from each Nansen bottle at depths below 500 metres, so that the total sample 
volume required at-each depth is larger than is required by other precision salino- 
meters. The salinity samples may however be used for chemical tests (e.g. total 
phosphorus) after the salinity has been measured. 
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After only a short period of training, it has been found that an operator can 
measure samples at the rate of 45 per hour. Temperature equality between sample 
and thermistor is attained within a few seconds of switching on the stirrer. 


RESULTS 


The two prototype instruments have each been used on two cruises in the Tasman 
and Coral Seas and the Indian Ocean, on H.M.A.S. Gascoyne and H.M.A.S. 
Diamantina. The measurements were made in the ships’ laboratories, and no 
difficulty was experienced due to ship motion. On Gascoyne the instrument was 
operated near an air-conditioning unit which caused undesirable temperature changes, 
but the results appear satisfactory. 

The mean salinity below 3500 metres at two stations in the Planet Trench was 
found to be 34-708 (range + 0-002) parts per mille. This agrees well with values 
obtained by Galathea in 1951 at Station 517 (ranges 34-69 to 34-72 parts per mille). 
Since the deep waters in this Trench are isolated, and therefore unlikely to change 
appreciably in a few years, this comparison is a useful independent check on the 
inductive salinometer. 

Good agreement has also been found between the deep salinities at two Indian 
Ocean stations, one occupied by Vema (Cruise 16, station 69, 33° 32’S, 101° 08’E, 
16 Feb. 1960) and one by Diamantina (station 2/121, 31° 59’S, 109° 57’E, 15 Nov. 
1959). Salinities on Vema were measured on a Woods Hole Conductivity Bridge 
(SCHLEICHER and BRADSHAW, 1956) and those on Diamantina on one of the two 
prototype inductive salinometers. Between depths of 2000 and 5000 m, all observa- 
tions at both stations are within + 0-003 parts per mille of the mean curve of salinity 
as a function of depth. 

A measure of precision can be obtained from the differences between duplicates. 
These differences follow an approximately normal distribution, except for occasional 
abnormally large values, which are thought to be due to gross errors in sampling. 
The standard deviation of the salinity difference for 80 out of 85 sample pairs on the 
first cruise of H.M.A.S. Gascoyne was 0-0025 parts per mille. On the second cruise, 
this figure decreased to 0-0012 parts per mille (100 out of 106 pairs), with the same 
operator and no change in technique. 

Both instruments have shown long-term drifts when checked under constant 
conditions. The rates were 0-001 and 0-004 parts per mille per day, but these drifts 
do not affect the accuracy in normal use. At least one instrument has an appreciable 
self-heating effect (initial rate approximately 0-006 parts per mille per hour) but this 
also has negligible effect on accuracy if substandards are used frequently. The detector 
sensitivity is such that a change in balance of one unit in the last ratio dial (approxi- 
mately 0-0004 parts per mille of salinity) can just be detected, even on board ship, 
and the short-term stability is of the same order. A sample can be drained from 
the cell into the sample bottle and drawn up into the cell again five or six times with- 
out changing the balance as much as 0-001 parts per mille, showing that the cell 
filling procedure is reproducible to a high degree. Tests of this kind suggest that most 
of the variation between duplicates is due to imperfections in the sampling procedure, 
and not due to the instrument itself. 

Fic. 7 shows salinities plotted against potential temperatures in the deep water 
(below about 3000 metres) for 13 stations in the area between New Caledonia, New 
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Hebrides, and the Solomon Is. Excluding the two values below 34-68 parts per mille, 
the mean and standard deviations were found to be 34-692 parts per mille and 0-0046 
parts per mille, respectively. The two low salinities were at first thought to be due 
to instrumental or sampling error, but a detailed analysis of the salinities in the deep 
basins of this region (WyYRTKI, unpublished) indicates that these values are probably 
correct. 


TEMPERATURE (°C) 


POTENTIAL 


34.680 34.690 
SALINITY 


Fic. 7. Salinity-potential-temperature diagram below about 3000 metres for 13 stations in 
the area between New Caledonia, New Hebrides, and the Solomon Is., showing the small spread 
in salinity. 
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LETTER TO THE EDITORS 


Gibbs Seamount*+ 


(Received 12 April, 1961) 


A SEAMOUNT On the northern end of Aves Swell was surveyed by the U.S.N.S. J. W. Gibbs (T-AGOR-1) 
and U.S.S. Allegheny (ATA-+179). The position of the seamount is 16° 33-31N, 63° 56-2! W, determined 
by two sets of star fixes and seven sun lines. The Allegheny was anchored on the seamount when the 


fixes were: taken. 


+—16°35'N 


\ 


GIBBS SEAMOUNT 


CONTOUR INTERVAL 100 FATHOMS 


——2"_ LOCATION OF SOUNDING TRACKS 
SOUNDING VELOCITY 4800 FT./SEC. 


+ 


NAUTICAL MILES 
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Fic. |. Contour map of Gibbs Seamount. 
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The seamount was detected by the Gibbs on October 15, 1960, using an Edo sonic sounder on the 
0-6000 fathom scale while on a 313°T course (Fig. la). The Allegheny made two additional crossings 
at 340°T and 120°T with an Edo sonic sounder on the 0-600 ft scale. A contour map based on the 
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Echo-sounding trace by U.S.N.S. Gibbs on 313°T course, showing Gibbs Seamount 
in relation to regional features. 
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Fic. 2b. Echo-sounding trace by U.S.S. Allegheny on 340°T course, showing summit of Gibbs 
Seamount. 
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three sounding tracks was constructed (Fig. 2). The 340°T course line is not plotted beyond the 
summit because navigational control was insufficient from that point on; lacking this control, the 
contours are unclosed. A minimum sounding of 143 ft was obtained on the 0-600 ft scale of the 
Edo record (Fig. 1b).t This revises the sounding of 948 ft previously reported for this seamount. 

The name Gibbs Seamount is proposed for this feature, which rises about 4000 ft above Aves 
Swell. The sides of the seamount slope at an average angle of 15 deg., terminating abruptly on 
Aves Swell, except for the western side, which forms a continuous slope with the western flank of 
the Swell (Fig. la). The conical form and situation of Gibbs Seamount on Aves Swell suggests a 
volcanic orgin. 

Gibbs Seamount is one of nine similar forms that are distributed linearly along Aves Swell. A 
seamount 47 miles to the south has the same sounding as Gibbs Seamount. Deeper soundings are 
reported for the other seamounts on the Swell; detailed bathymetric surveys may revise these soundings. 


Acknowledgments—The detection of Gibbs Seamount is attributed to Dr. ALAN BERMAN. 
Mr. JOHN NorRTHROP gave important advice in the preparation of this letter. A conversation with 
Dr. B. C. HEEZEN was valuable. The Captains, officers and crews of the Gibbs and the Allegheny 
are to be commended for their cooperation. 
Columbia University, Hudson Laboratories, PETER A. RONA 
Dobbs Ferry, N.Y. 

*Hudson Laboratories Contribution No. 103. 

+This work was supported by the Office of Naval Research. 


tCorrected for transducer depth; sounding velocity 4800 ft/sec. The conversion to metres is 
1 ft = 0:3049 m, | fathom 1-8294 m. 
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ADDENDA 


Deep-Sea Research, Vol. 7, No. 4, p. 264. 


To the reference BeNson B. B. and Parker P. D. M. (196la), add after Deep-Sea Res., 7, 
237-253. 


To the reference BENSON B. B. and PARKER P. D. M. (1961b), add after Deep-Sea Res., (To be 
published). 
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Further considerations regarding the antiquity of the Abyssal Fauna 
with evidence for a changing Abyssal Environment* 


ROBERT J. MENZIESt, JOHN IMBRIE and BRucE C. HEEZEN{ 
(Received 24 October, 1960) 


Abstract—Further considerations regarding the antiquity of the abyssal fauna suggest continued 
confusion regarding the terms * Ancient’ and ‘ Deep’ with reference to the marine fauna. 

Two hypotheses concerned with ecological conditions in the abyss of the oceans prevail. 
ZENKEVITCH and BiRSTEIN (1960) adhere to a belief in constancy of abyssal conditions with the passage 
of time. Assembled here are data suggesting changing abyssal conditions with time. These opposing 
views lead to quite different concepts of the antiquity of the abyssal fauna. 

The available data suggest that abyssal depths are populated with recent as well as ancient types 
of organisms and also that the abyssal fauna is far more diverse than has been previously recognized. 
Arguments are presented in support of the validity of oxygen isotope measurements on benthic 
Foraminifera from abyssal sediments. 

A plea is made for careful, critical studies on the zoology, paleontology, and geochemistry of 
long cores of submarine sediment as a means of obtaining additional evidence for the understanding 
of the present composition of the abyssal fauna. 


INTRODUCTION 
THE RECENT interest in the antiquity of the deep-sea fauna by ZENKEVITCH and BIRSTEIN 
(1960) and additional information which has become available since the publication 
of the paper by MENzies and IMBRIE (1958) suggest the desirability of further con- 
siderations regarding the age of the abyssal fauna. 

From the study by MENzigs and ImpRiE (1958) it was apparent that Ancient as 
well as Recent types of organisms occur in the sea at all levels of depth, but the fauna 
of the abyssal zone tends on an average to be more Recent in composition than the 
fauna at shallower depths. 

Here we interpret abyssal as depths exceeding 2000 metres and Ancient as ages 
extending as far back into the geological record as the Paleozoic. Naturally, a great 
proportion of the genera of the modern marine fauna extends into the Mesozoic 
and this fact needs no particular emphasis. We have tried here to avoid duplication 
of statements made by MENziEs and IMBRIE (1958) except in instances where a summary 
of the evidence becomes especially important in view of the criticisms made by 
ZENKEVITCH and BIRSTEIN (1960). 

Two types of evidence regarding the age of the fauna are generally available. 
First — the subjective interpretation from comparative morphology as to the 
‘ primitive’ or ‘ specialized’ character of members of the fauna. This evidence, 
subject to various interpretations, is no more or no less reliable than the interpreta- 
tions. Notwithstanding, it has proved remarkably useful. Second — the kind of 

*Contribution from the Lamont Geological Observatory, Columbia University, No. 468, and 
the Biology Department, University of Southern California. 


Research Associate, Biology Department, University of Southern California, Los Angeles 7, 


California. 
tGeology Department, Columbia University, New York, New York. 
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evidence which resides with the fossil record and the affinities of the Recent fauna 
with its past history. It is valuable only as long as the groups studied have a fossil 
record and because of this qualification MENZIES and IMBRIE (1959) were unable to 
treat all of the abyssal fauna. The fact that not all of the marine species were inves- 
tigated by those authors is correctly pointed out by ZENKEVITCH and BIRSTEIN (1960). 
However, the method used was on a proportional and percentage basis of those 
genera and families of organisms having a fossil record irrespective of whether they 
lived in shallow water or in the abyss, and the criticisms on a species level therefore 
do not apply. A significant proportion of the marine fauna, whether shallow or deep, 
lacks a fossil record. The objection that this method of inquiry can not be used, 
because there exists no fossil deep-sea deposits, may or may not be of some impor- 
tance. The objection would be important if it could be demonstrated that deep-sea 
fossil deposits are lacking. This is a serious problem because there exists no certain 
means of identification of abyssal deposits. Nevertheless, the similarity between the 
average geologic age of shallow-water and deep-sea fauna today is so close that the 
deep-sea fauna might simply have been derived from a shallow one even at a com- 
paratively recent date. This striking evidence makes the objection less important 
than it would seem at first glance. 

We believe that there is considerable need for additional work on the problem 
before a positive solution can be reached and in this belief we are in complete agree- 
ment with ZENKEVITCH and BIRSTEIN (1960). One great hope for objective rather than 
subjective evidence that is needed resides with highly detailed zoological, paleon- 
tological, and geochemical analyses of very long sediment cores from selected locali- 
ties in the abyss. Long cores such as proposed by GASKELL (1958) could tell us a 
great deal regarding the origin and evolution of the abyssal fauna in terms of the 


history of the oceans. 


DIVERSITY OF THE ABYSSAL FAUNA 


Our knowledge regarding the composition of the abyssal fauna is naturally 
incomplete. It is very time-consuming and difficult to obtain deep-sea samples of 
the fauna (WoLrFrF, 1960) and it is apparent that our ideas regarding the composition 
of the fauna may change as the methods and scope of the deep-sea collections change. 
Although no particular importance has been assigned to it, it is a fact that most if 
not all of the major groups of marine life have shallow as well as deep-sea representa- 
tives. Importance has been attached to the specific diversity of various marine groups 
in the deep sea by ZENKEVITCH and BirsTEIN (1960) who interpret diversity as an 
index of antiquity in certain groups. However, because rates of evolution in the 
deep sea are not known the validity of this criterion for antiquity becomes questionable. 

The available data do suggest that deep-sea populations differ from one region 
to the other. In general the fauna of trenches is less diverse than the fauna of other 
deep-sea regions. This may be illustrated by a comparison of the abyssal fauna 
collected by the Vema from off Costa Rica with the fauna of the Peru-Chile trench 
(Table 1). Scaphopods, echinoids, brachiopods, and bryozoans are lacking from 
the trench samples and present in those from the Costa Rican abyss (MENZIES, EWING, 
WorZEL and CLARKE, 1959). Here it is important to note that the groups selected 
by MENzies and Imprie (1958) do occur in the abyss and contrary to the results of the 
Vitiaz collections (ZENKEVITCH and BiRSTEIN, 1960), the bryozoans are so abundant 
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as to rank among the first 10 most abundant animals. Different methods of collecting, 
or the fact that the Vitiaz samples were mainly from trench areas, may account for 
this difference. The Vema collections have shown a moderately significant abyssal 
bryozoan fauna in the Atlantic ocean as well (MENZIES, in ms.) and these signi- 
ficantly consist entirely of the Cheilostomata which have a shorter geologic range than 


Table \1*. Quantitative estimates of the abundance of benthic organisms in the Pacific 
abyss. 


Eleven trawls from the Costa Rican Abyss, Three trawls from Peru—Chile Trench 
3290-3700 metres 5821-6324 metres 

Average Estimated Average Estimated 
Organism number density Rank in number density Rank in 
group trawl 1000 abundance trawl abundance 


Porifera 
Hydroid 
Scyphozoa 
Coral 
Alcyonaria 
Actiniaria 
Aschelminthes 
Polychaeta 
Solenogastres 
Gastropoda 
Lamellibranchs 
Monoplacophora 
Scaphopoda 
Copepoda 
Cirripidea 
Ostracoda 
Nebaliacea 
Amphipoda 
Isopoda 
Tanaidacea 
Cumacea 
Decapoda 
Pantopoda 
Holothuroidea 
Ophiuroidea 
Asteroidea 
Crinoidea 
Brachiopoda 
Echinoidea 
Bryozoa 
Pogonophora 
Ascidians 
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*Data from MeENzies, et al., 1959. 


the shallower water Cyclostomata (MENZIES and IMBRIE, 1958). Brachiopods have 
also been collected from the abyss of the Atlantic by the Vema and by earlier expedi- 
tions. They are not markedly abundant, but this fact does not seem to have much 
bearing for or against the antiquity of the abyssal fauna. 

The results of HARTMAN and BARNARD (1958) demonstrate, rather conclusively, 
differences between the benthic fauna of the inner and outer basins off the coast of 
Southern California. These differences have been associated with the differences 
in the abundance of dissolved oxygen in the various basins. 

The ability of an organism or group of organisms to adapt to abyssal conditions 
and especially to the food supply seems to be a major factor influencing their abun- 
dance and distribution in the deep sea. Generally speaking, one would expect deposit 
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feeders to dominate the abyss and the abundance of filter-feeding organisms to 
diminish with increasing depth (ZENKEVITCH and BIRSTEIN, 1956) and increasing 
distance from land. 


Fic. 1. Shallow water marine relict organisms, a. Limulus (SCHROCK and TWENHOFFEL, 1953), 

b. Lingula (SCHROCK and TWENHOFFEL, 1953), c. Spirula (SHROCK and TWENHOFFEL, 1953), 

d. scaphopod (C. CrLaus, 1890), e. Heterodontus (RoEDEL, 1953), f. Hutchinsoniella (SANDERS, 
1957), g. Latimeria (ROMER, 1945), 


Additional data regarding Ancient and Recent types of life in the sea have been 
compiled by Menzies and ImBrig (1958) and by ZENKEVITCH and BIRSTEIN (1960). 
No doubt additional genera may be added to their listings, but it may be doubted 
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whether more evidence of these kinds will prove one case or another. For comparative 
purposes here we have assembled illustrations of Ancient types of organisms from the 
shallow water marine environment (Fig. 1) which one can compare with examples 
of organisms typical of the abyss (Fig. 2). 


Fic. 2. Examples of typical abyssal animals. a. macrurid fish (ZENKEVITCH, 1954), b. bryozoan, 

Farcimenaria (BASSLER, 1953), c. polychaet (KIRKEGAARD, 1956), d. holothurian, e. gastropod 

(Bruun, 1957), f. foraminiferan, Reophax (CUSHMAN, 1947), g. pogonophoran (ZENKEVITCH, 

1954), h. rhabdostomellan, i. sponge (EKMAN, 1953), j. brachiopod (THOMSON, 1927), k. isopod 
(Menziks, 1956), |. coral. 
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ADDITIONAL EVIDENCE FROM THE ARTHROPODA 


Because ZENKEVITCH and BiIRSTEIN (1960) attach considerable importance to the 
Crustacea as indicators of the antiquity of the abyssal fauna a few additional remarks 
on the Crustacea seem appropriate. MENZIES and IMBRIE (1958) briefly pointed out 
the history of the Decapoda and also that the most ancient of the known fossil crus- 
taceans are related to fresh water or shallow water forms today. The shallow water 
Limulus (Xiphosura) is considered an archaic form. The neritic Hutchinsoniella 
shows obvious affinities with the Devonian Lepidocaris (SANDERS, 1957). The fresh 
water Anaspides and its allies are closely related to the Pennsylvanian genus Paleocaris. 


PARASELLOIDEA 


MARINE 


PARASELLOIDEA 


FRESH WATER 


EXTINCT ASELLOTES 
WITH 4-6 PLEONAL 
SOMITES 


PRIMITIVE ASELLOTE 


6 PLEONAL SOMITES 


Fic. 3. Schematic diagram of asellote isopod evolution. 


Fresh-water phyllopods have a geologic record extending into the Silurian. Stoma- 
topods are shallow-water crustaceans and their geologic record extends to the Mississi- 
ppian. The vast majority of the Mysidacea are shallow-water or bathypelagic and 
range from the Mississippian to the Recent. Those crustaceans that do characterize 
the abyss mainly belong to the malacostracan orders Cumacea, Tanaidacea, Isopoda, 
and Amphipoda. Fossils are not known for the Cumacea and Tanaidacea. The 
Amphipoda have a Tertiary history. The geologic record of the Isopoda is poor. 
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The Sphaeromidae, a neritic to bathyal family, unknown from the abyss, is known 
from the Jurassic onward. The shallow water flabelliferan genus Gnatholana 
(BARNARD, 1920) has its closest affinities with the Jurassic genus Urda (Monop, 1926). 

It is the asellote isopods that typify the abyssal depths, but for these, fossils are 
lacking. On strictly morphological grounds it is apparent that the fresh-water asellotes 
(Asellidae) are the more primitive. They have a pronounced occipital grove which is 
an indication of a primitive maxillipedal somite. Usually they have three pleonal 
somites and simplified pleopods in both sexes. Presumably the primitive asellote 
had six pleonal somites, unmodified pleopods, and a distinct maxillipedal somite 
(Fig. 3). The abyss contains the more primitive Stenetriidae (one species only) which 
is best represented in the shallow water of the subtropics by several species and it 
contains the more specialized Parasellidae (over 100 abyssal species). The latter have 
only one or two pleonal somites and have highly modified pleopods of the first and 
second pair in both sexes. In some (Ischnomesidae) the cephalon unites with the first 
peraeconal somite in a condition unknown for other asellotes. 


EVIDENCE FOR CHANGE IN ABYSSAL CONDITIONS IN THE SEA 
Apparently a guiding principle used by ZENKEVITCH and BIRSTEIN (1960) and by 
earlier workers as well, has been that the abyss of the sea has been constant throughout 


geologic time and, because of this constancy, ancient forms of life have been conserved 


there from the time of their origin. The complexity of the abyssal fauna today with 
both Ancient and Recent types (ZENKEVITCH and BIRSTEIN 1960) alone suggests 
that this has not been the case. If we look upon the oceanic abyss as a dynamic 
rather than a static ecological situation then we may accept more readily the complexity 
of the fauna there. 


Table 2. Temperature, salinity oxygen variation at abyssal depths in the Atlantic 
Ocean (from SveRDRUP, JOHNSON and FLEMING, 1942, Table 90) 


Temperature °C 
Latitude 
Depth 50°N 33°] N 32°S 39°S Range 


2000 m 
3000 m 
4000 m 


Salinity p.p.t. 
Latitude 


Depth 


Oxygen mil/l 
Latitude 


Depth 


2000 m 
3000 m 
4000 m 
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| 3 62 3 54 2 97 2-68 0-26 3-6 — 0:3 
2-97 2:95 2:76 2-86 2-32 4? 
9-38 2-45 0-42 3-0 to —0-4 
= O77 1-42 0:55 24 to — 06 
_50°N 33°N 19°N 32'S 58'S Range 
2000 m | 34-92 34-97 34-98 34-77 34-76 34-67 34-34 
34:96 34-94 34-92 34-81 34-66 34-34 
4000m_ 34-95 34-92 34-89 34-69 34-78 34-64 34-34 
50°N 33°N 19°N 32°S 39°S 58°S 
| 6:30 6-08 5-07 4-71 4-70 3-37 
| 617 5-99 $27 5-65 5-14 3-59 
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The geological evidence regarding Ancient abyssal conditions in the sea is far 
from perfect; however, certain indications do exist which strongly suggest a dynamic 
rather than a static condition with time. It is granted that abyssal conditions of 
salinity, temperature, and oxygen content are relatively uniform throughout the 
oceanic abyss today. In general, the variations in those features with latitude below 
2000 metres are biologically insignificant in terms of our present knowledge (Table 2). 
Nevertheless, the fact that VINOGRADOVA (1959) has been able to delimit zoogeographic 
provinces in the abyss is a strong suggestion that even minor variations which are 
present today may have biological significance. 

The available evidence for change in the abyssal environment with time falls into 
two categories. First —- evidence mainly from Recent and Pleistocene events which is 
well documented. Second — evidence of a more or less speculative nature based, 
however, upon logical consequences of probable geological events. 


AND SALINITY VARIATIONS IN ACCESSORY SEAS 


OXYGEN 


DISSOLVED 


Evidence for change in chemical conditions of the abyss is based upon the 
discovery of reducing conditions in the sediments of long cores taken from various 
accessory seas of the oceans and on the description of paleosalinity in sediments by 
KULLENBERG (1952). Reducing conditions, especially when accompanied by evidence 
of sulfides, implies an absence of oxygen from the sediments when they were deposited. 


Mediterranean and Red Sea 

Based upon evidence from piston cores taken in the Eastern Mediterranean by 
KULLENBERG, 1952 and by the Vema from the Mediterranean and Red Sea (un- 
published data, courtesy Mr. Davip B. Ericson, Lamont Geological Observatory) 
it appears that the eastern basin of the Mediterranean and the Red Sea have under- 
gone periodic stagnation of the bottom. One major stagnation occurred as recently 
as 8700 -+ 1000 years (OLSON and BROECKER, 1959). The evidence (Fig. 4) for stagna- 
tion consists of periodic black layers of organic-rich sediment containing an abundance 
of fish bones and sulfides. This is further substantiated by studies on the abundance 
of benthic fossil in the sediments. Benthic population depletion and extinction coinci- 
des with the black layers. The magnitude of the stagnations is not known but the 
sediments show clearly its occurrence at or near the bottom at various times in the 
past. KULLENBERG’s (1952) study also shows fluctuations in abyssal salinity coincident 
with the occurrence of the black layers. 

The above data not only show changes in the characteristics of the abyssal chemical 
environment but also indicates a comparatively recent repopulation of the abyss of 
the eastern basin of the Mediterranean and the Red Sea. This event may well account 
for the absence of a truly endemic abyssal fauna in the Mediterranean and the Red 
Sea. This absence of abyssal endemism has been noted by EKMAN (1953) and by 
ZENKEVITCH and BiRSTEIN (1960). 


The Cariaco Trench 

Stagnation of the Cariaco Trench off Venezuela is a well known phenomenon. 
This Trench, 750 fathoms deep, is characterized by an absence of oxygen and the 
presence of hydrogen sulfide at depths below 200 fathoms. Recent evidence gathered 
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by Vema (HEEZEN, MENzIeESs, EWING and BROECKER, 1959) shows that this situation 
has not always existed. A benthic population of Foraminifera existed in the basin 
prior to 11,000 years and since has become extinct (Fig. 5). 


ABUNDANCE 
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Fic. 5. Abundance of benthic Foraminifera in Vema 12 core no. 99 from the Cariaco trench 
(from Heezen, MENzies, EWING and Broecker, 1959). Note extinction of benthic formainifera 
from trench at 11,000 years. 


Californian off-shore basins 


The periodic occurrence of conditions favourable and unfavourable for the 
existence of bottom life in several basins off the Californian coast has been documented 
by HULSEMANN and Emery (in press). Today the Santa Monica and the San Pedro 


Table 3. Some properties of Southern California basin waters (from Emery, 1960, 
p. 108) 170-171 


Basin Temperature (°C) Oxygen* (ml/l) Depth (m) Biomass} wet (G/M?) 
Santa Barbara 6-26 0:3 627 2:8 
San Pedro 5-06 0-2 | 912 | 5:5 
Santa Monica 5-05 0-3 938 4-4 
Santa Catalina 4-02 0-4 1357 8-3 
Santa Cruz 4-15 0-8 1966 | 3-2 
San Nicolas 3-71 0:5 1833 | 5°5 
Tanner 3-85 0-6 1551 | 10-0 
West Cortes 3:37 0:8 (?) 1769 42 
East Cortes 3-13 0-9 1979 6:1 
No name 2-9 — 1915 
Long 2:7 — 1938 12-0 
San Clemente 2-6 1-3 2107 1-5 
Velero 2°52 2-0 2571 4:2 


*HARTMAN and BARNARD (1958, p. 4). THARTMAN (1960, p. 219). 


basins are practically devoid of bottom life and have dissolved oxygen concentrations 
less than 0-2 p.p.m. (Table 3). Other outer basins, Table 3, have higher dissolved 


« bd : 
7 “uz 
gw 
200 Zw aa 
. 
N 
q 
o 
z ow le 
) 
00 16 ay 
E | cel 4 
CARAMEL 
UTITE 
WW Tile A wh 
o w 
N 
8 
| 
O 
8 
6 la 
| 


Further considerations regarding the antiquity of the Abyssal Fauna 89 


oxygen concentrations and do support bottom life. Pertinent data regarding life 
in the Californian basins have been reported by HARTMAN (1955) and HARTMAN 
and BARNARD (1958). 


The Sea of Japan 


The Sea of Japan, like the Red Sea and the Mediterranean lacks an endemic 
abyssal fauna (ZENKEVITCH and BiRSTEIN, 1960). It is altogether possible that this 
sea has had a geological history similar to that of the Mediterranean, Red Sea, and 
the basins off Southern California. Selected long cores from the Sea of Japan may 
provide an answer to this suggestion which now is based only upon knowledge of 
the present composition of the fauna. 


VARIATIONS IN SEDIMENTARY RATE AND SUPPLY IN THE OPEN SEA 


The sediment is the home of abyssal benthic animals and any variation in its 
constitution and rate of deposition must naturally influence the benthic populations. 
This fact is well known for shallow-water organisms (THORSON, 1957) and should 
apply also to deep-sea populations. Turbidity currents, volcanic ash-falls, and ice- 
rafted sands represent sediment changes on very wide scales, although local as far 
as the ocean as a whole is concerned, changes in local abyssal ecology are implied. 
On the other hand, the history of pelagic sediment formers, the thickness of abyssal 
sediments, and deep water temperatures in the past are factors applying to the whole 
oceans. 


Turbidity Currents 


Turbidity currents which are known to occur today (HEEZEN, 1959), and which 
were probably even more active in glacial periods (HEEZEN, EWING and ERICSON, 
1954), are one major agency involving a rapid change in the rate and kind of sedi- 
mentation in the sea. The probable influence of submarine turbidity currents on 
abyssal life has been summarized by HEEZEN, EWING and MENzigs (1955, 1958). 
Submarine turbidity currents rich in organic matter have been collected from the 
floor of the vast Colombia Abyssal Plain at depths exceeding 3000 metres (Fig. 6). 
Similar organic-rich turbidity currents have been collected by Vema from the floor 
of the Congo submarine canyon at abyssal depths (HEEZEN, EWING, MENZIES and 
GRANELLI, 1957). In contrast turbidity currents poor in chlorophyll derivatives 
have been found in the basins off Southern California (ORR, EMery and GRapy, 1958). 
Wide ranges in organic content of abyssal sediments derived from turbidity currents 
may be expected, depending upon their source. Turbidity currents are believed to 
have been responsible for the flatness of the massive abyssal plains which characterize 
the great ocean basins (HEEZEN, EWING, and Ericson, 1954). In contrast Koczy 
and Burri (1958) consider the plains the result of great outpourings of lava. Either 
view implies great change in the environmental home of the abyssal animals. 


Volcanic ash-falls 

The possible effect of volcanic ash (WORZEL, 1959) in the Pacific Ocean on the 
abyssal fauna with special reference to Neopilina has already been mentioned by 
MENzigs, EWING, WorZEL and CLARKE (1959). This extensive ash-fall doubtless 
influenced the benthic fauna. 
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Ice rafted sands 


Submarine sediment cores taken from the Polar Basin (DONN, EWING and 
MENzIES, 1959) generally show an increase in the foraminiferal fraction and a decrease 
in coarse sand toward the top of the cores. The bottom fauna, as represented by 
fossils, similarly decreases in abundance with depth in the cores (Table 4). The 
almost pure sand layers (coarse fraction) probably represents an increased rate of sand 
deposition through the agency of ice rafting. They could also indicate a greatly 
decreased rate in pelagic sedimentation by organisms. Either condition implies 
drastic changes in benthic ecology. There are indications of an increasing population 
of benthic life in the Arctic basin (Table 4) even though photographic evidence 


Table 4. Distribution of benthic fauna (numbers per gram of washed sediment greater 
than 74 microns) in Arctic core Fletcher's T3-4, Lamont Geological Observatory, 
from the abyss of the Arctic Basin. 


Depth in core Benthic Ostracods Sponge Worm Total Pelagic 


(cm) forams spicules tubes benthos forams 
0-10 112 0 14 14 142 1209 
10-20 5 | 1 0 7 852 
20-30 39 3 0 9 51 1 
30-40 0 0 0 | 2 
40-50 0 0 0 0 2 
50-60 0 o | 4 0 
60-70 0 0 0 | 0 | 0 0 
70-80 0 0 0 | 0 0 0 


(HUNKINS, EWING, HEEZEN and MENzIEs, 1960) today suggests that the fauna of the 
Arctic polar basin is less abundant than that of the Atlantic at a similar depth. 
Zoological evidence has lead GURJANOVA (1949) to conclude that the arctic fauna 
had a Quaternary origin. This view has since been challenged by GorBuNOov (1956). 


Stratification of abyssal oceanic sediments 

The stratification of abyssal oceanic sediments is a phenomenon which is widely 
recognized (HEEZEN 1959). Deposits of calcareous ooze underlying red clay deposits 
were collected by the Swedish A/batross from the equatorial Pacific from depths 
exceeding 5000 metres. The alternation of red clay and calcareous sediment may be 
subject to various interpretations as to cause, but the effect of such a change on the 
food supply of abyssal life must be impoitant. Evidence for change in the velocity 
of abyssal currents with time comes from the sides of seamounts where fine-grained 
calcareous sediment of early Tertiary age is found exposed in locations where today 
the bottom currents winnow away the fine sediment (ERICSON and HEEZEN, 1959). 


Ancient Abyssal Temperature 


The evidence for higher abyssal temperature in the past is based upon the oxygen 
isotope measurements on fossil Foraminifera from abyssal depths in the Pacific 
by EMILIANI (1954) and EMILIANI and EpDwarps (1954). This evidence prompted 
BRUNN (1957) to develop a theory for a Recent origin of the abyssal auna. BIRSTEIN 
(1959), and ZENKEVITCH and BiRSTEIN (1960) have since questioned the in situ 
character of the fauna. However, turbidity current deposition resulting in faunal 
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Fic. 6. (a) Organic rich layer in abyssal sediments from the floor of the Columbian abyssal 
plain (from Heezen, EwinG and Menzies, 1955). (b) enlargement shows fragment of tree leaf. 
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displacement is unlikely for the cores in question due to the topography of the 
region (HEEZEN, personal communication). The argument that the Foraminifera 
studied are diagnostic for shallow water deposits has inherent weaknesses. One weak- 
ness is the fact that the species studies are fossils which are not known to exist today. 
Of course, a fossil is diagnostic for a stratum or depth only until it is found elsewhere. 
Beside this point, eurythermy and eurybathy are well known phenomena today and 
could have occurred in the Oligocene and Miocene just as well. Nevertheless, there 
is need to have more paleotemperature measurements of deep sea fossil organisms 
in order more firmly to establish the range of abyssal temperature variation that might 
have existed in the past. The persistence of Neopilina in the abyss during such a 
temperature change is used as an argument that the change did not occur. However, 
recently Neopilina has been reported by the Scripps Institution of Oceanography 
from bathyal depth off Lower California (ANON, 1959) making the genus more 
eubathyal than had been suspected before. The possibility remains that even 
Neopilina itself is a fairly recent inhabitant of the abyssal realm and not an Ancient 
survivor in the abyss. 


Sediment thickness 

The thin oceanic sediments, somewhere between a half-kilometre in the Pacific 
(RaiTT, 1956) and slightly more in the Atlantic (EWING and EwinaG, 1959) has become 
an enigma to the submarine geologist. If sedimentation rates at all comparable to 
those measured for post-Glacial time by radioactive decay are applied to this thickness, 
we come to the startling but dubious conclusion that the oceans were formed in the 
late Paleozoic, late Mesozoic, or late Tertiary time; the exact date depending upon 
our choice of average rates of sedimentation. 


Pelagic sediment formers 

There is no good evidence that the composition of the shell-bearing plankton 
such as we know it today existed prior to the Mesozoic. Records earlier than the 
Jurassic are doubtful. The Mesozoic and Cenozoic records, however, leave no doubt. 


Table 5. Geologic history of oceanopelagic sediment forming organisms 


Known range Reference 


Diatoms Early Triassic Pia, 1933 

Dinoflagellata Jurassic-recent SHROCK and TWENHOFFEL, 1953 
Silicoflagellates Cretaceous-recent SHROCK and TWENHOFFEL, 1953 
Coccolithids U. Jurassic-recent SHROCK and TWENHOFFEL, 1953 
Radiolaria Pre-Cambrian-recent* CAMPBELL, 1954, p. 19 

Pelagic Foraminifera L. Cretaceous-recent Glaessner, 1948, p. 203 
Pteropods Cretaceous-recent SHROCK and TWENHOFFEL, 1953 


*Pre-Cambrian records poor and uncertain. 


The geologic history of the major contemporary oceanopelagic sediment forming 
organisms is given in Table 5. 

It is possible that the Paleozoic seas were occupied by naked flagellates and if 
this were the case it may be doubted that food produced in the euphotic zone would 
reach an abyssal sea floor. Today we know that most nutrient cycling occurs above 
a depth of 500 metres (BARNES, 1957). It is the opinion of KUENEN (1950) that 
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‘Paleozoic abyssal sediments probably consisted of chemically precipitated lime 
during the Pre-Cambrian. By the Cambrian, the advent of lime-secreting organisms 
in the shallow seas ended the inorganic precipitation in the deep sea and practically 
all of the lime supplied to the oceans from the continents was deposited by inverte- 
brates and protista on the continents in shallow water.’ 

KUENEN’s reconstruction of the Paleozoic seas from geochemical considerations 
makes the abyss a highly unattractive environment for life, except possibly for bacteria 
and related micro-organisms. 


Climate change 

It is logical to believe that glacial periods influenced temperatures and currents 
in the abyssal zones. The end of the Permian glaciation is believed by KUENEN 
(1950) to have resulted in widespread stagnation of the oceans of the earth and if this 
occurred the impact on any abyssal fauna would be obvious. Unfortunately the 
evidence for Paleozoic glaciation is far from perfect and its consequences are without 
evidence. Similarly theories regarding polar wandering, continental drift (HEEZEN, 
1959) and ocean volume and origin all have great implications regarding the history 
of the marine fauna in general and the abyssal fauna in particular. Although a great 
deal more evidence is needed, it is apparent that changes of the type mentioned as 
possibilities, would effect considerable change in the abyssal fauna. 


CONCLUSION 


In conclusion it would appear that considerable evidence is available which 
strongly suggests changes in the ecology of the abyssal environment with the passage 
of geologic time. We believe that this evidence is in agreement with the concept of a 
comparatively recent abyssal fauna, geologically speaking, as expressed by BRUUN 
(1957) and Menzies and IMBRIE (1958). 
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On the Abyssal Circulation of the World Ocean—IV 


Origin and rate of circulation of deep ocean water as determined with the. aid of 
tracers 


BERT BOLIN* and HENRY STOMMEL** 


(Received 10 January 1961) 


Abstract—Using box models, and the observed distribution of temperature, salinity and radiocarbon 
estimates are made of the origins and rate of flow of waters that make up the Common Water in the 
Pacific and Indian Oceans, and Antarctic Intermediate Water. Difficulties in extending the computa- 
tion to Antarctic Bottom Water are described. Emphasis is placed upon questions of computational 
reliability and the occurrence of * ill-conditioned ’ equations. 


INTRODUCTION 


RADIOACTIVE tracers such as radio-carbon have recently been applied to ocean circula- 
tion studies. So far, relatively few measurements are available and it has been possible 
to deduce only certain ovcrall characteristics of the circulation of the sea. Thus 
CralG (1957) obtained a preliminary idea of the turnover time for the deep sea with 
the aid of C' measurements. Recently BROECKER et a/. (1960) and BIEN et a/. (1960) 
have published more extensive measurements of C™ in the Atlantic and Pacific oceans 
and also tried to draw some conclusions regarding the circulation of these oceans. 
It is interesting to note, however, that in none of these studies has our quite extensive 
knowledge of the distribution of temperature and salinity been systematically utilized. 
Obviously the heat and salt can also be looked upon as tracers and used for circulation 
studies, as has, of course, also been done extensively in the past. By combining the 
comparatively few measurements of C™ with the large amount of information con- 
cerning the distribution of temperature and salt, more far-reaching conclusions can 
be drawn concerning the ocean circulation, and indeed the potentialities of such a 
technique have not been exhausted. 

In making use of the few observations so far available, it is necessary to construct 
a very simplified picture of the ocean in order to obtain any results at all. We shall 
here use the so called ‘ box models.’ It is assumed that the ocean water in each one of 
these boxes is well mixed and that the exchange between them can be expressed by 
first order processes. Certain difficulties are encountered if dividing the ocean into 
a large number of boxes (which actually correspond to a finite difference approximation 
of the appropriate equations for the transfer of matter) but we shall here restrict 
ourselves to a few very simple cases in which no ambiguity arises. 

The following discussion will be essentially restricted to a discussion of the origin 
of the Common Water in the Pacific, the formation of Antarctic Bottom Water and 
the rate of flow of Intermediate Water towards the north in the Atlantic Ocean. 


*Institute of Meteorology, Royal University of Stockholm. 
**Pierce Hall, Harvard University. 
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2. THE ORIGIN OF COMMON WATER 


(a) Formulation of a model 


The most voluminous water mass in the world ocean is the deep water of the 
Indian and Pacific Oceans which MONTGOMERY (1958) has named Common Water. 
Reasons for supposing the Common Water to be a mixture of Atlantic Deep Water and 
Antarctic Bottom Water are put forth in Part II of this series. There must also be 
some mixture with the Pacific and Indian waters which immediately overlie the 
Common Water, and some heating from geothermal heat entering from the bottom 
also seems likely (WOOSTER and VOLKMANN 1960). We address ourselves to the problem 
of determining the relative contributions of these various components to the Common 
Water, and the rates at which they are added. First numerical values of the temper- 
ature, salinity, and radio-carbon to be associated with each of these water masses 
are chosen, as given in Table |. 


Table |. 


N.A.D.W. | A.A.B.W. P.+ 


Allowed range 
O1 
+ 0-03 
t 0-03 


The numerical values chosen to represent entire water mass are to a large extent 
arbitrary : the temperature and salinity being taken from MONTGOMERY (1958) and 
the values of radiocarbon from BROECKER et al. (1960) and BIEN et a/. (1960). 

It has been puzzling to some investigators as to how one can justify breaking up 
a continuous distribution of properties into several discrete boxes. Approximate 
methods using finite differences do much the same, but the number of boxes is taken 
to be as large as possible. Here we use very few boxes — but there is an important 
justification, based on the distribution of water in various temperature and salinity 
classes as tabulated by MONTGOMERY, COCHRANE and POLLAK (1958). Fic. | is a 
summary diagram directly taken from the graphs of the above authors (whose work 
must be consulted for accurate numerical values). The greatest volume of water occurs 
in the Common Water mode in the Pacific and Indian Oceans (shaded, white and 
stippled bars). The North Atlantic Deep Water and Antarctic Bottom Water occur 
as two distinct separate modes (black bars) in the Atlantic. There is even a weak 
mode at the temperature-salinity classes representative of the Intermediate Water. 
That the volumes occur in distinct modes indicates that there really are * natural 
mixed boxes’ in the ocean — even if their boundaries are diffuse —- and the location 
of the modes guides our choice of representative values. The situation is not so clear 
when we must consider surface water. 

In setting up the conservation laws expressing the various mass fluxes (in cm*/yr.) 
from the i“ water mass to the /"" are denoted by K,.. Thus, for example the amount of 
salt flux from the North Atlantic Deep Water (i = 1) into the Common Water (i = 4) 
is K,,S,. In the following applications we write the flux of mass out of the Common 
Water as K,, neglecting the second subscript because we are only writing, at this point, 


- i, 
i=1 | i=2 i=3 i=4 | - 
T; 2:5 0-0 4-0 1-5 “a Vol. 
S; 34-90 34-70 34-40 34-70 5 
C; 0:90 0-88 0-87 0-77 
| 961— 
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conservation laws for the Common Water, and it is not relevant to note where the 
Common Water flows (although considerations in Part II suggest that it is mainly 
upward through the thermocline). We may also neglect the subscript / in the other 
K’s because it is here, always understood.to be 4. 

Model I: With these conventions, the conservation laws of mass, heat, salt, 
and radiocarbon in the Common Water may be written as : 


(1) K,+K,+K,—K,=0 

(3) K,T, + + — = — HM, 
(4) K,C, + + — =A MAC, 


On the right hand side the term HM, represents the rate of gain of heat due to geo- 
thermal flux through the bottom. It is constructed by noting that for a flux of 50 gm 
calcm~* yr-!, a column of water 2500 m deep would increase in temperature at a 
rate H — 2 x 10°-*°C yr-!. This must be multiplied by the mass of the Common 
Water M — 6 = 10” gm, to represent the rate of heat added to the whole Common 
Water, and when entered on the right hand side requires the minus sign. The right 
hand side of the radio carbon conservation equation represents radio active decay, 
the decay rate being A = 1-2 x 10-*yr-'. The rate of loss of radio carbon in the 
entire Common Water mass is A M,C,, and is entered on the right hand side with a 
positive sign. 
The numerical work is somewhat simplified if we introduce 

X, = K,10"/M, 
and substitute 
S’ = S, — 34-00 


for the salinity so as to remove the large constant part of the salinity. The equation 
may then be written in terms of numbers with order of magnitude near unity 


The solutions are (values of coefficient 5 from Table |) after conversion to 
conventional oceanographic units (10® m*/sec) and dropping superfluous significant 
figures 

K, = 3-9 x 10® m*/sec 
K, = 9-6 10® m*/sec 


K, = 2-6 x 10® m/sec 


K, = 16:2 m/sec 


the decimal figure being insignificant. The residence time in the Common Water i 
M,/K, = 3-7 x 10! secs = 1200 years. 
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As a result of the calculations it appears that the main source of the Common 
Water is the Antarctic Bottom Water, which flows in at a rate of 10 million tons/sec; 
the North Atlantic Deep Water inflow is 4 million tons/sec, and the accession 
from the Intermediate Water only 3 million tons/sec. In the salt flux equation 
the main balance of terms occurs between the highly saline North Atlantic Deep 
Water and the much fresher Intermediate Water. There is little net exchange of salt 
between the Bottom Water and Common Water because they are so nearly the same 
in salinity. The heat balance is interesting because the only cooling tendency opera- 
tion is the inflow of Antarctic Bottom Water. This is balanced by roughly equal 
influxes of heat from three heat sources : North Atlantic Deep Water, Intermediate 
Water, and flow through the ocean bottom. The balance of radiocarbon is largely 
between influx from Antarctic Bottom Water and in situ decay, contributions from 
other sources being considerably smaller. 

The proportional parts of different waters going up to make Common Water are 


Model I 
Atlantic Deep Water X,/X, 0-24 
Antarctic Bottom Water X,/X, 0-60 
Pacific and Indian Intermediate Water YX,/X, 0-16 


(b) Other models 


Quite different models could have been constructed if we had not included 
all the information which has been put into model I. For example, several years 
ago, before radiocarbon data was available, a calculation from temperature and 


<> 
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Fic. 2. Temperature-salinity diagram showing the characteristics of the water masses being 
mixed to form Common Water. 


salinity data alone might have been attempted. It is clear from Fic. 2 that according 
to conventional water mass analysis, the Common Water cannot be a mixture of 
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Atlantic Deep Water and Antarctic Bottom Water alone, because it lies above the 
line joining them. Therefore let us compute the proportional parts of the three 
components from equations (1), (2) and (3), neglecting equation (4) and setting the 
right hand side of (3) equal to zero. The result of this model, which we call Model IT, is 


X,/X, = 0-29 
X,/X4 = 0-52 
X3/X, = 0-19 


It is interesting to note that these figures compare favourably with those computed 
from Model I. The absolute fluxes ¥, cannot be computed because the system is 
homogeneous. Were we to include the heat flux through the bottom the model would 
not be computable but under-determined. The proportion of water from the Inter- 
mediate Water (X;/X,) is small, however, and this suggests construction of Model III, 
in which we set ¥, = 0 in equations (1), (2) and (3), and still neglecting radio carbon 
(equation (4)), try to compute the fluxes by retaining the heating term on the right 
hand side. 


MODEL III 
0-00 
1-33 
= 1-33 
= 0-0 
2:6 x 10® m*/sec 
2-6 x 10® m/sec 
X,/X,=00 X,/X,=1-0 


Residence Time : 23 x 10! sec; 7300 years 


The results of Model III are substantially different from either I or Il. The model 
implies that Common Water is pure Antarctic Bottom Water, very slowly heated 
from below. Assuming that there is no addition of Intermediate Water assures that 
there can be no addition of North Atlantic Deep Water, and vice versa, as can be 
seen from Fig. 2. The residence time is much greater than that from Model I, and is 
at variance with the radiocarbon data. Of course the actual heat flux through the 
bottom is poorly known. Were we to use equations (1), (2) and (4) so as to base 
the calculation on radiocarbon, and to avoid the problematical temperature equation 
(3), we could construct yet another model, Model IV, which is underdetermined 
unless we specify one of the fluxes. Again we set X, = 0 — that is, assume no addition 
of Intermediate Water — and obtain 


MODEL IV 
X,/X4 = 0 


XxX; = 0-00 
= 8-40 
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X, = 8-40 

K, = 16-8 x 10° m* 

K, = 16-8 x 10® m* 
Residence Time : 1050 years 


Model IV has much the same residence time as Model I, but the proportional 
parts are very different. Model IV is equivalent to the Common Water part of the 
model proposed by BROECKER ef al. (1960) and appears to be inconsistent with the 
constraints imposed by the T-S diagram. 


(c) Computational reliability 


There is a pitfall hidden in the numerical solution of systems of equations such as 
the above, which in application to oceanographical problems was first pointed out 
by DEFANT (1941) in a review of two papers by HIDAKA (1940). Some of the equations 


Table 2. Model I. 


A. Original Values 


B. Changed values on left hand side 


T,+01°C 
01°C 
Tz + 
T, — 01°C 


+ 0-1°C 

T; 


C. Changed values on the right hand side 


Bottom heating 4-188 1-571 
4-522 1-446 
5-525 | 1-072 
7-531 | 03241 
5-008 | 1-378 
4-706 | 1-256 
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‘ 
51. 1-982 | 4857 | | 8-160 
1-945 4-922 1-297 8-164 
2:020 4-789 | 1-346 8-155 
1-888 $025 | 1-259 8-171 
2-070 4-700 | 1-380 8-149 
1-957 4:900 | 1-305 8-163 
2-007 4-812 1-338 8-157 
24 1-829 5-130 1-219 8-178 
2-134 4-585 1423 | 8141 
+ 0-03%, 1-835 | 4-935 1-427 | 8-196 
— 0:03%, 2-155 4-765 1-197 8-117 
4 Se + 0:03%q 1-575 5-072 1-613 8-260 
Sz — 0-03%, 2:356 4-659 1-053 8-067 
S3 + 0-03% 1-869 4-916 1-402 8-188 
— 003%, 2-082 4-804 1-249 8-135 
Sq + 0:03%, 1-314 5-210 1-801 8-325 
S, — 003%, 2-624 4-517 0-8604 | 8-001 
C, + 0-03 1-827 | 4581 | 1-218 | 7-625 
C, — 0-03 2-166 5-184 | 1-444 8-794 
C2 + 0-03 1-623 4-219 | 1-082 6-925 
C2 — 0-03 2-468 5-721 1-645 9-834 
C3 + 0-03 1-876 4-668 1-250 7-794 
C3 — 0-03 2-010 5-068 1-401 8-570 
C, + 0-03 1-445 3-903 0:9636 | 6-312 
Cy — 0-03 2-962 6-600 | 1-975 | 11-54 
| 
8-114 
a 8-137 
8205 
8-453 
| 7-867 
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may be so nearly the same that changes within the limits of confidence of the coefficients 
may make enormous differences in the computed values of the X,. Another way of 
saying this is that the determinant of the left hand side of the set of equations nearly 
vanishes. Such equations are called ‘ ill-conditions equations’ and the numerical 
results are not reliable. 

The most rudimentary way to check the solutions of a model to see if they are 
ill-conditioned is to vary each coefficient in turn, and compute the X, separately for 
each case. The following table shows the values of the X, in Model I computed for 
changes of temperature, salinity, and radio carbon. For example, the values of the 
X, computed by increasing the salinity S, assigned to the North Atlantic Deep Water 
by 0-03%,, and leaving all other terms unchanged are X, = 1-812, X, = 4-891, 
X, — 1-410, ¥, = 8-113. As Table 2 shows, there is no indication that the equations 
are ill-conditioned, most of the X; varying only slightly for varying the coefficients. 
The X, are most sensitive to changes in C,, and to a lesser extent upon C2, S, and S, 
The need for good sampling to obtain a representative value of radiocarbon in the 
Common Water (C,) is emphasized. Fortunately, the X, are not strongly sensitive 
to T;, S, and C, because representative values for the Pacific and Indian Intermediate 
Waters are hard to decide upon. The actual amount of bottom heating due to flux 
of geothermal heat from the ocean bed is difficult to assess. Therefore in Table 2 
we exhibit the effect upon the computed X, of several values of heat flux other than 
the original value. These calculations show that rather wide ranges of choice in the 
assigned bottom heating does not seriously change X,4, the total flux in the model, but 
does effect somewhat the relative proportion of the different water masses that go 
to make up the Common Water when it is taken to be as much as five times the 
assigned value — this seems to be an extreme assumption, however. 


Calculations also show that the Models II, III and IV are computationally reliable, 
but as they do not seem to be oceanographically meaningful, in light of their conflict 
with Model I, we shall not pursue them further here. 


3. ORIGIN OF ANTARCTIC BOTTOM WATER 


In setting up Model I, we wrote conservation equations only for the Common 
Water, and did not enquire into the formation of other water masses. We now 
proceed to construct a model, Model V, in which conservation laws are also written 
for the Antarctic Bottom Water. We choose this water mass as the natural next step 
in complication because it is most strongly linked to the Common Water. We also 
introduce another water mass, Weddell Shelf Water, Type 5, as a contributing source. 
Plausible reasons for this choice are given by DEACON (1937) and Foronorr (1956). 
There is considerable difficulty in deciding just what values of temperature salinity 
and radiocarbon to assign to this new water type — it is in fact a hypothetical water 
mass. We choose the following values : 7; 1-9 °C, S’; = 0-63, C, = 0-88. The 
temperature and salinity are taken to correspond to FOFONOFF’Ss estimate, the radio- 
carbon to BROECKER’S. 

The configuration of water types and connecting mass fluxes K;, is more complex, 
as shown in Fic. 3. It is necessary to retain both indices. Eight equations may now 
be written to determine these fluxes: four for conservation in Common Water 
(Type Y) and four for Antarctic Bottom Water (Type Z). 
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Fic. 3. Model for exchange of water between Common Water (C.W.), Antarctic Surface 
Water (A.S.W.), Antarctic Bottom Water (A.A.B.W.), Pacific and Indian Intermediate Water 
(P.+ LI.W.), and North Atlantic Deep Water (N.A.D.W.). 


The equations are 
+ Kaq + Keg — Keg — Ky = 0 
+T3K3q + T2Koq — TyKag — = — HM, 
+ + SoKoq — — = 0 
+ C3K3q + CoKag — — = A M,C, 
Kso — + Kao — Koy = 
T5Ks2 — T2Koq + — = — HM, 
SsKs2 — SoKoq + SyKag — = 0 
C5Kso — CoKog + — CoKog = 
Making the substitution ¥;, = K,/M, and assuming M, = M,/10. 
Xia + + — — = 0 
+ 40X54 + 0-00X,, — 1-5Xy. — 4, 
‘90X14 + 40X54 + -70X2, — -70Xy. — -70Xy, = 0 
90X14 + 87X54 + -88X, ‘17X42 — -77X = -924 
— 1-90X5. — OX + 1-50X4. — = — 0-2 
‘90X12 + — -70X + -70X — -70X = 0 
‘90X12 + -88X 5. — -88X + -77X 42 0-106 


Numerical solutions of the various X;, are given in Table 3. 
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In Table 3 the values of the fluxes Xj4, Xo4, X34, and (X42 + X49) which correspond 
to the numbers calculated before in Model I are very stable computationally for very 
large variations in the salinity and radiocarbon values assigned to the Weddell Shelf 
Water. The other quantities (which are essentially the new features of Model V which 
I does not contain) X,., X59, X42 representing flow into the Antarctic Bottom Water 
and X,, that portion of the flow out of the Antarctic Bottom Water that does not 
enter the Common Water, exhibit two disconcerting features : 

(1) they vary widely with the assigned values of S;, and C,;, and hence are 

computationa'ly unstable. 

(2) they are often negative which is inconsistent with their definition-and a 
check of the stability of the only case (last row) in which all the X;, are positive 
indicates that even for the smaller variations in all the coefficients applied to Model 
I, the equations are ill-conditioned with respect to the X,. and X9. Model V 
is therefore an unreliable model in all those respects where it attempts to improve 
upon model I. 


4. FLOW OF ANTARCTIC INTERMEDIATE WATER 
IN THE ATLANTIC 


Through studies by DEFANT (1936), SVERDRUP (1939), WUsT (1936, 1957), and 
others we have a fair knowledge of the meridional flow of water masses in the South 
Atlantic Ocean. Thus, Atlantic Surface Water slowly flows polewards while the 
Antarctic Surface Water is found in a northward current underneath, extending down 
to about 1200 metres (Antarctic Intermediate Water). Also in the bottom layers 
the Antarctic water flows northward and in the layer between, the Atlantic Deep 
Water gradually drifts southward mixing with the water masses above and below. 
Fic. 4 shows a north-south cross section through the Atlantic Ocean. The salinity 
and temperature data are taken from the Meteor Expedition (WUsT, 1936) while 
in Fic. 4 (c) all available data of C™ essentially due to the work by BROECKER et al. 
(1960) is displayed. The tongue of cold and comparatively fresh water flowing north- 
ward in a layer between approximately 300 and 1200 metres is clearly shown in all 
three graphs, the C™ values being significantly lower than in the waters above and 
below. Of course the number of C™ analyses is still small and the position of 
the isopleths quite uncertain. Due to the inadequacy of the data any refined analysis 
of the kind presented by DEFANT and SVERDRUP using C!*-measurements is not justified 
but we shall here simply try to estimate the average northward flow of this Inter- 
mediate Water and also the residence time for water in this part of the Atlantic 
Ocean. 

Let us consider this intermediate water mass extending from 50° south to 10° 
north and from 300 to 1200 metres depth. The total amount of water then would 


4 be 0-45 x 107% g. This water originates from the surface water in the Antarctic 
a and mixes with the surface waters in the middle and equatorial latitudes as well 
a as with the deep water during its northward motion. Let us denote these four water 
o masses with the indices 6 to 9 respectively, and Table 4, (Model VI) gives the appropri- 


ate mean values for these water masses to be used in a box model similar to the one 
advanced in paragraph 2 (Model I). 

Forming again the system of equations that expresses the conservation of the charac- 
teristic values given in Table 4 for the Atlantic Intermediate Water with due regard 
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taken to radioactive decay of C yields the same four equations as given in paragraph 
2, except that we should here completely disregard the loss or gain of heat due to 


Table 4. 


Model VI 


Model VII 


thermal flux from below which had to be considered in the case of the Common 
Water in the Pacific. Inserting the values in Table 4 (Model VI) then gives the follow- 
ing solution 


K, = 3-6 x 10° m*/sec 
K, = 1-4 x 10® m*/sec 
K, = 0-4 x 10® m/sec 
K, = 5-4 m3/sec 


The residence time for Intermediate Water becomes about 250 years. Assuming that 
the water during this time gradually moves northward yields a velocity of about 
0-05 cm/sec. The accuracy of the values given above is of course dependent upon 
the certainty with which representative values can be assigned to the different boxes. 
The computation has therefore been repeated changing the temperature by + 1-0° 
for the Atlantic Surface Water and by 0-2° for the other water masses, similarly 
the salinity was varied by + 0-3%, and 0-1%, respectively and the C'-values by + 0-02 
for all water masses. Naturally the values were most sensitive to changes in the 
C-activity, particularly to the value assigned for the Intermediate Water itself. 
C,!4 = 0-89 increased the rate of overturning by a factor of four while C,’* = 0-85 
gave values a little larger than half of those given above. (Table 5). 

When varying the salinity negative K,-values were obtained in three cases and the 
computation is thus on the margin of being stable. On the other hand the variation 
of 0-3%, and 0-1%, for Surface and Deep Waters respectively is rather large and since 
the other K-values change moderately, we shall accept the computations as a reasonable 
first approximation. 

Of course the boundaries of the Intermediate Water are somewhat arbitrary which 
will certainly also influence the results. To check the accuracy of the present com- 
putation in this respect it was carried through assuming the Intermediate Water extend- 
ing for lat 40 “S to lat 10 °N. Assigning appropriate values for temperature, salinity 
and C"*-activity as given in Table 5 (Model VII) gives the following values for the 
exchange coefficients. 


AAS.W. | ASW. A.D.W. |  A.LW. 
i=6 i=7 i=8 i=9 : 
T; °C | 2:2 14-5 30 5:5 
S; Yoo 34-25 35-40 34-85 34-60 
C, | 088 | 094 0:90 0:87 
| 
32 15-5 31 6-0 
Si%o | 34-20 35:60 34-90 34-80 
C; O88 | 0-95 | 0:90 0-87 
Vol, 
~ 
: 
: 
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| 


On the Abyssal Circulation of the World Ocean—IV 


REPRESENTATIVE SASW VALUE (O*- 40°S) 


REPRESENTATIVE NASW 
ASW VALUE (15"- 40°) WALUE 
-936 


402 


Fic. 4. Meridional distribution of salinity (%,) (a), temperature (“C) (b) and C'*-activity (c) 
putting the activity of modern (pre-bomb) wood equal to unity. 


Temperature and salinity data 
from Wusr (1936), C'4-data from BROECKER et al. (1960). 
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K, = 1-4 x 10® m*/sec 
K, = 0:8 x 10® m*/sec 
g — 1-4 x 10% m3/sec 


3-6 10® m*/sec 


Table 5. 


VI VII VI VII VI Vit | VE VII 

Original values 3-6 1-4 1-4 0-8 0-4 1-4 5-4 3-6 
T, + 02°C 3:5 1-3 1-4 0:8 0-6 1-5 5:5 3-6 
T, — 02°C 3-6 1-4 1-5 0-8 0-3 4 | 5-4 3-6 
T7 + 1:0°C 3-5 1-3 1:3 0-8 0-7 16 | 5-5 3-7 
Tz — 10°C 3-6 1-4 1-5 09 | 02 1-3 5:3 3-6 
T, + 02°C 3-6 1:3 1-4 08 | 04 1-5 5-4 3-6 
T, — 02°C 3-6 1-4 1-4 08 | 0-4 14 | 5-4 3-6 
Ty + 02°C 3-6 1-4 1-5 0-9 0-2 1-3 5:3 3-6 
T, — 02°C 3:5 1:3 1-4 08 | 06 16 | 55 3-7 
S_ + 01%. 4:8 1-6 1-6 0-9 0-4 1:3 | 60 3-8 
— 01% 2-9 1-1 1:3 0:8 0-9 16 | 3-5 
Sq + 48 1-8 1-6 0-9 0-5 1:2 | 59 3-8 
— 2-6 0-9 1-3 0-8 1-7 5-0 3-4 
S, + 01%, 3-7 16 1-4 0-9 0-4 1-3 5-5 3-8 
S, — 3-4 1-4 0-8 0:5 16 | 53 3:5 
Sy + 01° 2:3 0-8 1-2 0:8 1-3 18 | 48 3-4 
S, — 01% 5-1 2:0 1-7 0-9 0-7 10 | 3-9 
C, + 0:02 2-4 1-1 1-0 0-7 0-3 2 | 37 3-0 
C, — 0-02 69 1:7 | 28 1-1 0-8 1:9 | 105 4-7 
C, + 0-02 3-0 1-2 1-2 0-7 0-4 1:3 46 3-2 
C; — 0-02 4-4 16 1-8 1-0 0-5 16 | 67 4-2 
Cy + 0-02 3-4 1-3 07 | 04 1:2 | 3-0 
C, — 0-02 3-8 1-8 1-5 | OS 1:9 | 5-8 4:8 
Cy + 0-02 13:3 33 5-3 2-0 1:8 36 | 20-4 8-9 
C, — 0-02 2:1 0-8 | 08 0-5 0-2 09 | 31 2:2 


In this case the total amount of Intermediate Water is 0-37 = 107° g, and thus the 
residence time becomes 300 years. The stability of the computations has also been 
checked in the same way as given above for Model VI. Again the result was most 
sensitive to changes in the C™ activity for the Intermediate Water. For C,!* = 0-89 
the rates of exchange were increased by a factor of about 2-5, if decreasing C,' to 
0-85 the values were about 0-6 of those quoted above. 

We may summarize our results in the following way: Antarctic Water flows 
northward underneath the Atlantic Surface Water at a rate of 1-5 — 5 x 10® m*/sec 
at latitudes 40 —S0 °S, corresponding to an average velocity of 0-03 — 0-Icm/sec. 
Present observations of C'-activity in the Southern Atlantic make it quite unlikely 
that the velocity could be more than 0-2 cm/sec. This water, Atlantic Intermediate 
Water, mixes with the surface water above and the Deep Atlantic Water below by 
incorporating water from above and below of about equal amounts. Since presumably 
very little water returns directly from this layer to the Antarctic region we estimate 
the average upward motion into the Atlantic Surface Water and the downward 
motion into the Atlantic Deep Water to 1-5 —5 x 10° m*/sec, half of which may 
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be considered as a net upward or downward flow and the other half as large scale 
eddy exchange. With due regard to the total size of the area considered the net upward 
or downward motion may be estimated to | - 3 m/year. It is interesting to compare 
this value with the corresponding net upward motion in the Pacific Ocean (approx- 
imately represented by K, in section 2) of about 2 m/year. Finally the residence 
time for water in the Intermediate Layer of the Atlantic Ocean before being mixed 
or transferred upward or downward is about 300 years, but possibly as long as 400 
years or as short as about 100 years. More extensive measurements of C* activity, 
or preferably of a more short-lived radioisotope, can be expected to improve on these 
quite approximate results. 

It is important to compare the net flow of Antarctic Intermediate Water as obtained 
by this water-mass model with the numerical values obtained by WUstT (1957) on the 
basis of geostrophic calculations. There are, of course, arbitrary elements in WUsT’s 
calculations — particularly the choice of reference level — but these arbitrary elements 
are probably less significant in WUsT’s study than in our own, and so we are inclined 
to accept WuUst’s transport figures as a test of our model. Some further comments 
on WuUst’s calculations have been made in another place (STOMMEL 1958). 

As WUsT points out (1957, p. 372-3) the geostrophic flow in the Antarctic Inter- 
mediate Water does not show up as maximum velocity at depth, in the core, as might 
be expected, so in the summary figures for whole profiles WUsT sums transports of 
Surface, Central and Intermediate Waters. For our purposes we want to isolate 
the transport of the Intermediate Water, and this introduces an arbitrary element. 
One way to obtain figures is to sum the geostrophic transports between 300 m and 
1200 m for every profile and full width of the ocean. These figures are shown in 
Table 6. 


Table 6. Wist’s (1957) Transports summed between 300m and 1200 m (in 
10® m*/sec, plus means northward) 


Profile | Latitude Transport 


(ILL) S) 
(1) S) 
IV S 

il 

Vil 

VI 

Vill 

XIII 


Both profiles IIf and I are rather far south, and are not closed off to solid land 
on the eastern end, so one is inclined to omit them* from comparison with our 
model. The average northward transport in the remaining six profiles is 8 ~ 10° m*/sec 
which somewhat exceeds the upper limit of transport values obtained by our model 
—a discrepancy for which we do not find any easy answer except to hope that with 
increasing amounts of radio-carbon data, more geostrophic calculations, and more 
refined models it will eventually be resolved. 

*In such high latitudes the Intermediate Water extends to the surface—as a glance at Fic. 4 (a) 


confirms — and one should properly change the depth interval and include Ekman transport due 
to wind-stress. 
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A contribution to the problem of the Drake Passage Circulation 
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Abstract—The geostrophic current components and the volume transports have been calculated 
under assumptions of three different reference levels. These computations are based on hydrographic 
sections obtained in April, 1930 by the Discovery I] and in June 1958 by the Ob. Some evidence 
is presented for the possibility that a bottom current through the Drake Passage penetrates into the 
Pacific Ocean. The analysis suggests that the geostrophic transport of the Antarctic Circumpolar 
Current in this region is probably limited by 90 x 10® m* sec-! as an upper value and 45 x 10° m3 
sec! as a lower value and that the actual transport is likely to be somewhere between these limits. 


INTRODUCTION 


IN A recent paper a new approach to the problem of the Antarctic Circumpolar 
Current was made (OsTAporF, 1960), when Neumann’s concept of an equivalent- 
barotropic flow (NEUMANN, 1956, 1960), originally proposed for the Gulf Stream 
System, was adapted for the analysis of data obtained in April 1930 by the Discovery 
I] in the Drake Passage. Provided that the assumptions made approximate fairly 
well the real conditions, the analysis led to a circulation scheme through the Drake 
Passage having two main features: first, the mass transport of the Antarctic Circum- 
polar Current is reduced from 110 x 10® m* sec~! (CLowEs, 1933) to approximately 
40 x 10° m* sec~! and second, a quite strong bottom current exists carrying approxi- 
mately 40 x 10® m* sec! to the west into the Pacific Ocean. Again, these results 
depend on the special choice of the reference level in the geostrophic calculations. 

The present paper deals with the analysis of another hydrographic section through 
the Drake Passage which was obtained during the International Geophysical Year 
by the Soviet vessel Ob in June 1958. The Ob section, consisting of the stations 
460 to 468, lies almost 250 kilometres east of the Discovery section 382 to 387 men- 
tioned above (Fic. 1). Both sections will be compared in this paper. 


HYDROGRAPHY 


Fic. 2 illustrates the hydrographic conditions during the Ob voyage through 
the eastern portion of the Drake Passage. The density distribution for June 1958 
shows, in general, great similarities with that for April 1930. This becomes evident 
from the course of the 27-5—isopycnic line which, in both cases, slopes from approxi- 
mately 150 metres depth in the southern portion of the sections down to approxi- 
mately the 1200 metre level in the northern part. In the Ob section, however, the 
27-5-isopycnic surface levels off at 1000 metres before the final drop to 1200 metres. 
On the other hand, the 27-0-isopycnic surface which, in the April section (Discovery 
382 to 387), is found near the surface some 100 kilometres off the South American 
continental shelf, appears in June (Ob section) at the upper edge of the continental 
slope, well within the strong horizontal and vertical density gradient; the new position 
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is the result of the lower temperatures of the near-surface layers. Strong slopes of 
the isopycnic surfaces off the South American continental slope at all depths point 
to a dynamically active region. To complete the picture, lines of equal oxygen content 
have been superimposed on the density field. This reveals the layer of minimum 
oxygen content, which rises from approximately 1500 metres in the north to approxi- 


mately 400 metres in the south. 


65° 60° W 
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DRAKE PASSAGE 


x Discovery II Depth less than 500 fathoms 
o Ob 


Fic. |. The distribution of the Discovery stations (x) and the Ob stations (0) in the Drake 
Passage. 


The presentation of the thermo-haline field in Fic. 2 (b) is similar to the one for 
the Discovery section (OstaporF, 1960). This kind of presentation may help the 
recognition of certain features of the thermal and haline distribution and their relation 
to each other and to the density field. From the temperature distribution at the 
sea surface, it appears that the Antarctic Convergence is located near 57°S between 
the stations Ob 465 and Ob 466. Here, the isohalines are distributed in such a way 
that, in a layer down to 500 metres depth, a strong isothermal-isohaline solenoidal 
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field is formed, whereas near the South American shelf the isotherms and isohalines 
are parallel, as has already been pointed out (OstaporF, 1960). South of 59°S the 
formation of winter water has been almost accomplished, which can be seen from the 
distribution of the — 1° — isotherm and from the near isothermal water in the upper 
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(a) (b) 
Fic. 2. The hydrographic conditions along the cross section through the Drake Passage, based 
on Ob stations 458-468 of June 1958. (a) The field of density ot and oxygen content, (b) the 
thermohaline field corresponding to the density field in Fic. 2 (a). 


50 metres as compared to the April section, where strong temperature minima are 
found in the corresponding region. True winter conditions with temperatures around 
— 1-80° in the first 50 metres are encountered south of 60°S (Fic. 2 (b)), i.e., south of 
the submarine rise. In the deep sea, in general, salinity values are lower between 
59° and 60°S than farther north, by more than 0-1%,, which is well above the observa- 
tional error. This pocket of lower salinity is associated with the high oxygen content 
(Fic. 2 (a)), and also, with slightly lower temperatures than are found farther south 
or north. The higher salinities with > 34-7%,, in the Discovery section located between 
58°S and 59°S, are found in the Ob section between 55-5° and 58°S, with a maximum 
of 34-79%, observed at station Ob 466 near 56° 36’S in 3000 to 3500 metres. This 
compares with 34-74%, observed at Discovery station 385 near 58° 40’S in 2500 to 
3000 metres. In both cases the maximum is located to the north of the velocity 
maximum of the bottom current, as indicated below. 
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CHOICE OF REFERENCE LEVEL AND THE RESULTING CURRENT FIELD 


In calculating the geostrophic current and transport the choice of the reference 
level is a most difficult, yet crucial, problem. Several methods have been proposed 


(SVERDRUP ef al., 1942; DieTRiIcH, 1957; MAMAyYEV, 1959), but their application to = 
the conditions in the Antarctic Ocean is at least as difficult and unsatisfactory as a 
elsewhere. 


In the following, some cases of the vertical current structure and the transports 
resulting from different assumptions about the reference level will be discussed. 


Equivalent-barotropic Model (a) 

In the density field in the Drake Passage (Fic. 2 (a)) it was noted that on 
top of a layer of almost uniform density a stratified layer of variable thickness 
is found. Therefore, the assumption that the Antarctic Circumpolar Current in 
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(a) (b) 
Fic. 3. The geostrophic velocity component perpendicular to the cross section through the 
Drake Passage, based on the assumption of a variable reference level. (a) Discovery section 

382-387 of April 1930; (b) Ob section 461-468 of June 1958. 


the Drake Passage could be treated as an equivalent-barotropic system was used 
in the analysis of the Discovery section 382 to 387 (OsTAPorFF, 1960). It is interest- 
ing to compare the results of Discovery section with those of the Ob section: 
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the analysis of each is based upon two main assumptions; (1) that near the 
South American continental slope the reference level is found at 2500 metres 
depth; (2) that the upper layer tends, within a reasonable approximation, to an 
equivalent-barotropic state in the sense developed by NEUMANN (1956, 1960). 
With these assumptions a mean density of a, = 27-53 (taken from 0 to 2500 
metres) has been determined for Ob station 467. Then, for all other Od stations 
a layer was determined for which the mean density ¢, = 27-53. The lower 
boundary of this layer is taken as the reference level for the dynamic computations 
and its slope can be seen in Fic. 3 (b) by following the isoline of zero velocity. 
Table | contains the geostrophic velocity components perpendicular to the cross 
section for 200 metre depth intervals. 


DISCOVERY II 


61 60 9 58 57 


1000 


> 


/ 


jf, 
>O- mm > 


VELOCITIES in cu /s 
HATCHED AREA —— FLOW to the 


(b) 


Fic. 4. The geostrophic velocity component perpendicular to the cross section through the 
Drake Passage, based on the assumption of a 3000 dbar reference level. (a) Discovery section 
382-387; (b) Ob section 461-468. 


The velocity field below the zero-level is surprisingly similar in both cases, 
which are 28 years apart — and from different months; the Discovery represents 
fall conditions (FiG. 3 (a)), the Ob early winter conditions (FiG. 3 (b)). The Ob 
section shows the bottom current to have even greater intensity than the Discovery 
section, but the width of the current is considerably narrowed there. In both 
cases the mean velocity maximum of this bottom current occurs approximately 
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at 3400 metres and amounts to 14-0cm/sec and 8-5 cm/sec, the higher value 
found in the Ob section. It cannot be said with certainty whether this represents 
a peculiar situation during the Ob cruise or whether the bottom current, coming 
from the Scotia Sea as a narrow swift current, widens as it flows westward as 
the effective cross-section (in the case of the Ob section counted from 60°S to 
the South American continental slope) widens. This question may be decided 
if proper cross-sections are obtained from the Scotia Sea. 
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Fic. 5. The geostrophic velocity component perpendicular to the cross section through the 
Drake Passage, based on the assumption of a 2000 dbar reference level. (a) Discovery section 
382-387; (b) Ob section 461-468. 


The upper layer presents interesting differences in the surface conditions. 
Whereas in the Discovery section the core of the Antarctic Circumpolar Current 
is located more or less above the axis of the bottom current, the Ob section 
shows a displacement of its main axis by |-1/2 latitude degrees north of the 
axis of the bottom current. An intense and deep current, with computed mean 
velocities of over 40 cm/sec near the surface follows along the South American 
continental slope. If this current has a correspondence in the Discovery section, 
then it may be interpreted as a continuation of the coastal current on the shelf. 
This current was not considered in the Discovery section. 
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The 3000 dbar Reference Level (b) 


In the Antarctic Ocean it is customary to assume a very deep reference level 
unless there is observational evidence to the contrary. Therefore, the same 
sections are presented on the basis of a 3000 dbar reference level (Fic. 4). In 
the Discovery section there is not much change in the upper layer compared 
to case (a); at the surface the current velocity increased from 21 cm/sec (case 
(a)) to 29 cm/sec. The lower layer still shows a bottom current moving to the 
west, but with considerably less speed (maximum computed velocity 1 cm/sec). 
However, considerable change has occurred in the Ob section due to this assump- 
tion. Whereas in case (a) the northern branch of the current was associated with 
the higher velocities, now the southern velocity maximum is higher than the north- 
ern. In the lower layer, evidently, the velocities are reduced considerably. The 
maximum at 58° 30’S disappeared completely and the dynamical continuity of 
the layer has been disrupted by the current reversal between the stations 465 
and 466 in 57°S latitude. 


The 2000 dbar Reference Level (c) 


Finally, the 2000 dbar surface has been chosen as reference level as a possible 
alternative to the other two cases. The choice is rather arbitrary and divides 
the total cross section geometrically in half. Fic. 5 shows the resulting current 
structure. 


VOLUME TRANSPORT 


The total volume transport has been calculated for the three cases presented above; 
Table 2 summarizes the results. The figures apply to only part of the sections : 
for the Discovery section between the stations 383 and 387, for the Ob section between 
the stations 463 and 468. This was done in order to remain in oceanographically 
similar regimes. 

Paying attention first to the transport figure based upon a 3000 dbar reference 
level (case (b)), it is seen that a total volume transport of 86  10® m* sec ( Discovery) 
and 89 x 10®m*sec~! (Ob) has been obtained; this is in good agreement with the 
value given by SVERDRUP ef a/., (1942). There seems to be a slight increase through 
the Ob section as compared to the Discovery section which possibly diminishes if 
the shallow coastal current omitted in the Discovery section is included. However, 
it was not possible to reproduce the figure given by Kort (1959) who arrived at 
134 x 10®m* sec"! for the same cross-section ‘in the layer 0-3000m.’ In order 
to check how much contribution results from the remaining part of the Ob cross- 
section, computations of transport through the total section between the stations 
461 and 468 were made; this gave a value of 93 « 10° m*sec~'. It seems to indicate 
that with the same assumptions (3000 dbar reference level) virtually the same amount 
is calculated for the two sections within the limits of accuracy. 

Table 2 shows also the transport figures for the other cases discussed in the 
previous section. They indicate that the cases (a) and (c) above the reference level 
do not differ as much from each other as they differ from case (b). Here, again, 
it becomes evident how important is the assumption of the reference level. 

In case (b) the transport of | to 3 x 10® m*sec~! in the bottom current is almost 
insignificantly small. Obviously, the transport increases with decreasing reference 
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Table 1. The geostrophic velocity component normal to the cross section. The 
velocities are given in cm/sec, extrapolated values in parentheses. 


Stations 462-463 463-464 464465 465-466 466-467 467-468 


distance (km) 115 100 111 107 131 41 : 
mean latitude 59° 15’ 58° 33’ 57° 47’ 56° 59’ 56° 06’ 55° 28’ 
reference level 400 800 1350 2000 2500 2500 


(m or decibar) 


Velocity 


Depth, m 


} 
| 


0 1:8 10-4 7-0 17-4 1-1 
200 0-6 8-0 7:0 14-9 2:5 38-9 
400 0-0 4:8 12-2 2:7 | 35-5 
600 0-2 1-6 4:5 9-6 2:3 33-0 
800 0-3 0-0 3-1 7:3 1-8 29-6 
1000 0-4 2:4 1:8 5:3 1-7 25:2 
1200 0-5 4:0 0:5 3-7 1-7 | 20-3 
1400 0-6 5:6 0-1 2-4 1:8 15-6 
1600 0-6 7:2 0-4 1-6 1:8 11:2 
1800 0-9 8-4 0-7 0:8 1-7 71 
2000 1-3 9-2 0-9 0-0 1-5 4:1 
2200 1-7 10:4 1-2 0-3 0-9 (1-6 
2400 2:0 11-2 1-5 0:9 0:3 (0-2) 
2600 2:3 11-6 1:9 1-2 0:3 (0-0) 
2800 12-4 2:3 1-5 0:8 (0-0 
3000 2:7 12:8 2:6 1-8 1-3 
3200 2-9 13-6 3-4 1-6 2:2 
3400 30 14:0 4-0 1-1 3-1 
3600 (2-6) ( 14-0) (— 41) (— 0-7) (— 4-2) 
3800 (0-0) ( 8-8) (— 3-7) (— 0-3) (— 3-3) 
. (— 2-9) ( 00 ( 00 
( 0-0) 


Note : Negative sign indicates westward velocity. 


Table 2. The volume transport in million cubic metres per second through the 
Drake Passage north of the Polar Front under different assumptions of reference 
level. Negatives values indicate transport to the west. 


Between Stations : Di 383 — Di 387 Ob 463 — Ob 468 Remarks 

Case Depth of Ref. Level 

(a) variable 40 50 ) Above the 
(b) 3000 dbar 86 89 

(c) 2000 dbar 51 55 ) Reference Level 
(a) variable | 41 | 41 Below the 
(b) 3000 dbar l 3 

(c) 2000 dbar 18 | 2! Reference Level 


level. For case (2) we obtain the same amount in both sections, namely 41 10° m* 
sec!, which appears to be extremely high. However, the existence of a bottom current 
flowing toward the west under the Antarctic Circumpolar Current, seems to be 
probable and is also indicated by the distribution of the physical properties in the 
deepest layers. Table 3 lists the temperature, salinity and oxygen content at the 
3500-metre level, which most likely coincides with the velocity maximum of the 
bottom current (Fics. 3 and 5). Clearly, the temperature drops to a minimum around 
59° 30'S (Ob 462), whereas the oxygen content shows highest values below 2000 
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metres just in this region (between the stations 462 and 463). The salinity also varies 
latitudinally as the temperature, thereby indicating variations in the hydrographic 
factors possibly related to the current field. 


Table 3. Temperature, salinity and oxygen content at 3500 m depth as observed 
by the Ob in the Drake Passage. 


Latitude TCE) 0, (ml/1) 


REMARKS 


These results should be considered as hypothetical, but geophysically possible, 
until current measurements or other indications provide more support concerning 
the position of the reference level. Certainly the case (a), with the assumption that 
the Antarctic Circumpolar Current in the Drake Passage tends toward an equivalent- 
barotropic state, must be considered as an idealization which a current system in 
nature rarely will achieve. On the other hand if, as suggested by the density distribution 
(Fic. 2), we are dealing with two distinct water masses of different density, then in 
such a current system the interface (or transition layer) cannot remain horizontal 
without becoming dynamically unstable. It seems reasonable to assume a reference 
level which slopes from 2500 metres at the northern part of the sections to approxi- 
mately 1000 metres (or 1500 metres) south of the Polar Front. 

Furthermore, it should be kept in mind that the transport figures apply only 
to the geostrophic contribution of the total current field. Most likely, the probable 
transport in the upper layer is larger than indicated by the figure given for case (a) 
due to the wind-drift contribution which may not be reflected in the distribution of 
mass, whereas the actual transport in the deep-sea may be considerably smaller than 
the geostrophic due to the effects of bottom and lateral friction. Therefore, as far 
as the transport is concerned, it is possible that of the three cases presented above 
the ‘true’ transport is approximated * best’ by the figures given for case (c), 1.e., 
on the basis of a 2000 dbar reference level; these do not differ significantly from the 
results of a study made by WUust (1957) who assumed a reference level of 2500 dbar 
through the Drake Passage. However, it is interesting to note that the equivalent- 
barotropic model results in the same dynamic conditions in the deep-sea for the two 
sections, the Discovery 383-387 and the Ob 462-468, which were sampled 28 years 
apart. 
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Boron-Boric acid complexes in Sea-Water 


JOHN E. Noakes and DoNALD W. Hoop 
Department of Oceanography and Meteorology, A. & M. College of Texas, College Station, Texas 


(Received 30 January, 1961) 


Abstract—Boron in the Gulf of Mexico, in the forms of total, inorganic and organic complexes, 
was evaluated using a mannitol titrometric method. Definite correlation between inorganic boron 
and chlorinity was observed for sea water, both vertically and horizontally, except in the oxygen 
minimum region. Similar, but less-defined correlation, is found to exist between the organic boron 
complexes and oxygen distribution. 

A preliminary investigation using boron-chlorinity ratios for identification of water masses and 
possible detection of circulatory patterns was made on the deep water of the Caribbean. Data from 
the Venezuela, Columbia, Cayman, and Gulf basins all showed conservative boron-chloride ratios. 
Analysis of the data indicates a uniformity of deep basin waters of the American Mediterranean 
Sea, which suggests the existence of a single source of deep water or uniform mixing between the basins. 


INTRODUCTION 


THE FIRST accurate determinations of boron in marine water were made by FOOTE 
(1932) and by Witcox (1932). These authors found that the coastal waters off 
California contained 4-27 mg B/L. Further investigation by MOBERG and HARDING 
(1933), BucH (1933), RAKESTRAW and MAHNCKE (1935), and IGELSRUD, THOMPSON 
and ZWICKER (1938) established inorganic boron in open sea water in concentrations 
of 3 to 5 mg/L, varying directly with chlorinity and independent of geographic location. 
They also reported marked maximum values of inorganic boron at the oxygen 
minimum zone in marine waters. MIYAKE and SAKURAI (1952) investigated the waters 
of Tokyo Bay and obtained boron-chlorinity ratios of 0-022-0-024. These data 
were used in the identification of water masses, and in tracing currents in the ocean. 

A recent investigation by Gast and THOMPSON (1958) strongly suggested the 
existence of soluble boron complexes in marine waters. The dissolved complexes 
were believed to be cis-type polyhydric organic compounds (MELON and Morris, 
1924). Such compounds reacted with boric acid and gave low results with the mannitol 
method of analysis normally used in the estimation of boron. In order to determine 
total boron it is essential to oxidize and completely degradate these organic complexes. 
Complete degradation of the organic complexes to free the combined borate ions 
appears feasible only through vigorous oxidation. 

In this work oxidizing agents were evaluated in order to provide a method giving 
more quantitative results for total boron in sea water and to differentiate between 
the inorganic and organic components present. A comparison of total and inorganic 
boron data from several stations was made in order to gain insight into the signi- 
ficance of boron data in oceanographic studies. 


EXPERIMENTAL 
Reagents and apparatus 
Sodium hydroxide. Analytical grade Na OH pellets were used to make up a 19 N 
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carbonate-free concentrate from which aliquots were drawn to make up 0-1 N-and 


0-02 N solutions. 
Potassium Biphthalate. Salt of 99-97 per cent purity was used as a primary 


standard. 

D Mannitol Powder. D mannitol of C.P. grade was purchased from the P. Fans- 
trenhl Laboratory. The reagent was found to be neutral. 

Glassware. All gassware was a boron-free Corning Glass product. 

pH Meter. A Beckman Model GS meter, equipped with a model 11—505—75 
glass electrode, probe-type glass and a 11—5S05-80 calomel electrode. 

Stopper design. Rubber stopper constructed to accommodate probe electrodes, 
vents, and hatchway for introducing mannitol powder. 


Analytical Method 

An analytical error of 1-5-3 per cent in boron analysis, as reported in recent 
data, limits the accuracy in resolving boron concentration in sea water. In order 
to compare boron-chlorinity data, a method yielding results within the experimental 
error of chloride which is less than 0-1 per cent is desired (BARNES, 1959). 

A survey of titration and colorimetric analyses (HATCHER and WILCOX, 1950) 
for boron revealed a modified mannitol boric acid method, which was described by 
IGELSRUD, THOMPSON and ZwiCKER (1938) as the most suitable for marine waters. 
Their method was used as the basis for the analysis of sea water samples. 

(1) To include an experimentally established amount of mannitol : 7 g mannitol 
will activate the boric acid found in 100 ml sea water. 

(2) Potentiometric titration using probe electrodes. 

(3) Standardization of alkali with boric acid and mannitol. A titration with 
Na OH was made of the strong mannitol-boric acid complex formed in the sample. 
Boron concentrations were calculated from the amount of alkali needed to completely 
neutralize the activated boric acid. The alkali was standardized in the presence of 
salt concentrations as in an actual analysis of sea water. 

By this procedure incomplete mannitol activation or salt interference was nullified 
in the calculated normality of the alkali. Normality checks using acid phthalate as a 
primary standard gave data accurate in the | per cent error range to that obtained 
by the mannitol-boric acid standardization method. Mannitol activation of boric 
acid was complete and constant over the boron range found in sea water and was 
within the required limits of analytical accuracy. 

(4) Oxidizing digesting acids. Five strong oxidizing agents were surveyed to 
select a suitable agent for complete degradation of organic matter in the sample 
prior to analysis (FiG. |). Perchloric acid, permanganic acid, sulphuric acid, periodic 
acid and peroxydisulphuric acid were chosen because of their high redox potential 
and effectiveness in organic breakdown. A source of borate complex was obtained 
from a 20 litre composite of sea water from 0-200 metres depth, which yielded a 
difference in total and inorganic boron results. Analyses of the stock sea water 
yielded inorganic boron results which enabled determination of effectiveness of 
oxidizing agents and correlation of results with data from previous investigations. 

The results of the HMnO, and H,S,O, digestion were nearly identical. The 
H, S, O, digestion required only one-half the time required for the two-digestion 
permanganate method, it is flexible in the amount of oxidizing agent needed for 
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digesuon, and requires no neutralization of the excess reagent left in the sample. 
These factors, in addition to ease of handling of the salt (K,S,O,) of the digesting 
acid and the high accuracy of the analysis, make H,S,O, the most desirable method 
to be used in total boron analysis. 


a 


Fic. |. Boron content/100 cm? of Stock Sea Water vs. Digesting Agents 
HIO, — Saturated solution (0°55 g/100 ml) 
HCIO, — 1:0 and 0-1 N solutions prepared from 70°, AG reagent 
H, SO, — 0:1 and 1:0 N solutions prepared from 95°, AG reagent 
K MnO, — 1 ml of 0-1 N KMnO, (99:80°, Ag reagent) 
H, S, O, — | ml of 0-1 N solution of Potassium Persulfate, (95°, AG reagent) 
HCI - AG HCI (Sp. Gr. 1-19) was used to make standard solutions of 0-25 and 0-5 mg B/ml 


Accuracy Determinations of Boron Analysis using H.S,O, as a Digesting Agent 
To determine the accuracy and resolving power of the H,S,O, mannitol boric 
acid method for total boron analysis in solutions of high salt concentrations, a known 
amount of boron in the form of boric acid was added to 100 ml of synthetic sea water 
and boron determinations were made as follows: Duplicate 100 cm* samples of 
synthetic sea water were measured out and 0-5 mg B as B,O,; was added. Sample 
digestion was made in H,S,0,—H,SO, media and analysis run by the improved 
mannitol method. Duplicate sea water blanks containing no added boron were 
run and used as a correction factor for small quantities of boron originally in tie 
synthetic sea water. The results of six analysis against a B,O, standard gave a 
maximum error of +- 1-3 per cent and an average deviation of -+ 0-97 per cent. 


Procedure Adopted for Total Boron Analysis 

One hundred ml of sea water were pipetted into a 300 ml boron-free flask fitted 
with a ground glass joint (24/40). One ml of 0-1 NH, S,O, solution was pipetted 
into the flask and 4 ml of 0-1 NH,SO, were added to lower the pH of the sample 
to 2. The sample was refluxed for five minutes in a boron-free glass container and 
was then cooled in running tap water. Nitrogen gas was allowed to flow into the 
flask, followed by insertion of probe-type electrodes and magnetic stirring rod into 
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the sample. Dilute alkali was added to a pH of 7-0 and 7 grams of mannitol were 
added through a hole in the stopper without removing the electrodes from the solution 
or shutting off the inert gas. After one or two minutes, the pH became stable near 
3-4. Dilute alkali was delivered from a 5 ml micro-burette to bring the sample back 
to neutrality. The amount of alkali used in the back-titration was equivalent to the 
boric acid in the sample. 


Procedure for Inorganic Boron Analysis 

To 100 ml of sea water, pipetted into a 300 ml boron-free flask, four to five ml 
of 0-1 N HCI were added to bring the solution to a pH of 2. A boron-free glass 
condenser was attached to the flask and refluxing was carried out for five minutes. 
On cooling of the sample, nitrogen gas was flushed into the sample and titration to 
a pH of 7 end point with dilute alkali was accomplished. Seven grams of mannitol 
were dissolved in the sample and back-titration with standardized alkali was made. 
Calculations for boron concentration in the sample were made in an identical fashion 
to total boron. By subtracting the values obtained for inorganic boron from the 
values for total boron, one obtains a value for complexed organic boron. 


DISCUSSION 


RESULTS AND 
The above procedures were applied to water samples obtained from vertical 
profiles of three stations located in the Gulf of Mexico (Table 1). A comparison 
of the inorganic boron results to that of chlorinity concentrations at various depths 
are shown in Fics. 2 and 3, for stations H4-79 and H8-6. These data indicate that 
inorganic boron content has a high correlation with chlorinity except at the chlorinity 
corresponding with the oxygen minimum zone . (See Tables 2, 3 and 4). This high 
ratio has been reported in past boron investigations of sea water and led IGELSRUD, 
THOMPSON and ZWICKER (1938) to postulate a possible soluble organic borate complex 
degraded in this zone, thereby liberating detectable boron. 


Table \. Location of the stations analyzed for boron components 


Gulf stations Location Descriptive location 
H4—79 25° 27’'N, 79° Florida current 
H4-87 24° 19’N, 83° 34’W West of Key West 
H8-6 25° 31’N 5 


85° 25'W Eastern Gulf of Mexico 


Caribbean Stations 


No. 3 17° 21'N, 69° 48’°W Venezuela basin 
No. 4 17° 20’'N, 72° 38’W Columbia basin 
No. 5 19° 20’'N, 78° 44°W Cayman basin 


The inorganic boron-chlorinity data for Station H4—79 does not show the linear 
relationship as did the two previous Gulf Stations mentioned. At this station the 
upper surface regions are marked by fluctuations which occur down to the oxygen 
under-saturated zone of 200 metres. Below this level little variation is encountered 
until the oxygen minimum zone is met at 458 metres. There is good indication that 
a turbulent condition accompanied by mixing is responsible for this poor correlation 
between data in the near-surface water. Station H4—79 is located in the centre of the 
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Table 2. Data for station H4~-79 


Inorganic Complex Total 
O, boron Ratio Ne boron boron 


0-001 1 


3. Data for station H4-87 


Inorganic Complex Total 
O, boron Ratio Mean boron boron 
mi (mg B/L) B/Cl dev. (mg B/L) (mg B/L) 


0-0208 . 0-139 4-643 
0-0209 0-181 4-714 
0-000! 0-146 4-662 
0-0211 003 0-101 4-737 
0-0207 0-199 4-691 
0-0212 0-002 4-532 
0-0209 0-132 4:54] 
00208 0-253 4-616 
0-:0207 | 0-000! 0-362 4-683 


Table 4. Data for Station H8-6 


Inorganic Complex Total 
Depth cl 2 boron Ratio Mean boron boron 
(m) dev. (mg B/L) (mg B/L) 


0 19-998 0-0206 0-0003 0-169 
94 20-156 4°5 0-0206 0-0003 0-119 
320 20-158 3°32 335 0-0208 0-000! 0-107 
487 19-685 0-0220 0-001 1 0-098 
710 19-600 "62: 0-0218 0-0009 0-013 
840 19-333 0-0202 0-0007 - 
1350 19-322 0-0209 0-0000 0-102 
1860 19-343 : 2] 0-0204 0:0005 | 0-225 


Florida Current, where a reported current of 193 cm/sec is not unusual (SVERDRUP, 
JOHNSON and FLEMING, 1946). At the time the water samples were obtained, the 
wire angles of the cast were recorded at 38, largely created by current action. Although 
the boron to chlorinity variations are noted to be erratic in the near-surface waters, a 
linera relationship can be detected for all stations in the deeper water samples. 

A comparison of complex boron and oxygen data, obtained from identical depths, 
indicates a definite correlation between the concentration of the two. A typical 
plot of depth versus complex boron and oxygen concentrations for Station H8-6 
is shown in Fic. 4 and indicates that a change in dissolved oxygen brings about a 
corresponding change in complex boron. Although there does not appear to be any 


“4 125 
Depth cl 
3 0 20-044 4-42 4-681 0-0216 0-0001 0-132 4-813 25. 
q 39 20-046 4-47 4-716 0-0217 00002 0-176 4-892 
75 20-045 4-58 4-543 0-0209 0-0006 0-221 4-754 
4 108 20-151 4:57 4-482 0-0205 0-0010 0-244 4-726 pe 
4 142 20-201 4-38 4-561 0-0209 1-006 0-167 4-728 
172 20:286 3-43 4-754 0-0216 0-0001 0-000 4-754 
198 20:270 3:53 4-756 0-0217 0-0002 0-000 4-756 
252 20-065 3-43 4-691 0-0216 0-000! 0-112 4-803 
296 19-876 3-23 4-756 0-0221 0-0006 0-085 4-841 
357 19-731 3-04 4-637 0-0217 0-0002 0-050 4-687 
458 19-444 2-93 4-762 00226 0-002 4-752 
be 
(m) 
0 20-015 4-47 4-504 
8 50 20-080 4-65 4-533 
96 20-138 4-45 4-516 
— 142 20-310 4-85 4-636 
268 20-050 3-5] 4-492 
343 19-756 3-10 4-530 
412 19-504 2:99 4-409 
| 496 19-398 3-19 4-363 
685 | 19-256 3-27 4-321 
va 
4-643 
4-635 
4 4-472 
4 
4 


126 JoHN E. Noakes and DonaLD W. Hoop 


specific ratio between the two, near-surface high values for complex boron and O, 
with low complex boron at the O, minimum zone, are perhaps the most striking 


results. 


. 190 192 194 19.6 19.8 200 20.2 


CL 


Fic. 2. Station H8-6. Relationship of inorganic boron in sea water to chlorinity. 


Fic. 3. Station H4-87. Relationship of inorganic boron in sea water to chlorinity. 


A clue to the nature of complex boron has been presented in a recent study by 
Gast and THOMPSON (1958). They believe complex boron to consist of boron linked 
through hydroxyl groups to soluble organic compounds. The fact that mannitol and 
other polyhydric compounds do decidedly affect and activate boric acid gives plausi- 
bility to their theory. Assuming that complex boron consists of organically linked 
boron compounds, their absence in the oxygen-deficient zone is still unexplained. 
Postulation by RicHiARps (1957) of high aerobic action, consuming O, and organic 
materials and thereby causing an O, minimum layer, could also account for low com- 
plex boron and high inorganic boron being detected in this region. REDFIELD (1934) 
has presented an interesting theory in which he attributes the O, minimum zone to 
water masses originating in cool arctic and sub-arctic waters, sinking and flowing 
down into warm waters at a depth regulated by their sigma—r values. These waters 
which are very rich in animal life have been depleted of O, and due to poor circulation 
have not had their O, replenished. Although these two theories strive to explain the 
O, minimum zone in different ways, both set the conditions for which low organic 
boron and high inorganic boron could exist in the O, deficient zones. 

The data for Table 5 were obtained from Caribbean water samples collected from 
the Venezuela, Columbia and Cayman basins. Analysis of samples obtained vertically 
at three stations were made with the primary emphasis placed on deep water samples 
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ranging in depth from 2500 to 48CO meires. It was hoped that the B/C1 data obtained 
from these water samples reveal some information concerning deep water circulation 


MG B/L 
45 


(meters) 


DEPTH 


MLO,/L 


Fic. 4. Station H8-6 distribution of properties with depth ; 
Total boron Inorganic boron Complex boron - squared area O, concentration @ 


of these isolated basins. The data, however, clearly show the ratios remain surprisingly 
constant through the three stations sampled and that greater fluctuations were re- 
corded within a single station than between stations. 


Table 5. Data for the Caribbean 


Meg At. | Avg. Meg At. | 
0 | 


| 
00210 | 00211 | 


0-0208 
00213 


0:0211 
0:0212 
0:0212 


0:0209 0-0212 
0:0213 
0:0214 


The results obtained indicate than an erratic relation exists between inorganic 
and ccmplex boron in ocean water, both horizontally and vertically. The observed 
differences may persist with time: however, multiple samplings of the stations over an 
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Station Depth Mg Mg. At. Mean 
3000 4-355 0-4025 | 0-0003 
4000 4-479 04140 | 00003 
4 2500 4-427 0-4091 00211 0-0001 
4000 4-430 0-4094 | 0-000 
5 3000 4-382 0-4050 0-0003 
4000 4-454 0-4116 00001 
4800 4-479 0-4140 00002 
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extended period would be necessary to determine the degree of changes. Should 
the complex boron be found to have conservative tendencies to inorganic boron, 
it might be used as a tool in transport and ocean mixing studies. Further work is 
being done in an effort to determine the usefulness of this component of sea water as 
a chemical and physical oceanographic tool. 

Determination of the boron content of sea water by standard analytical methods 
which do not detect complex boron is subject to as much as a 10 per cent error, 
This would, however, introduce little error in evaluation of alkaline components 
of sea water since the complex boric acid would not react as an alkaline ion with the 
titration procedures used. 


AND CONCLUSIONS 


SUMMARY 
An improved mannitol titration method for determining boron in the several 
forms present in sea water was developed. Of five oxidizing acids, H, S,O, was 
the most favourable oxidizing and degrading agent for complex marine boron com- 
pounds. The method was found to be in the analytical range, yielding reproducible 
results of 1-1-3 per cent error, and allowing calculation for boron as total, inorganic 
and complex forms. 

Data obtained from vertical sampling of three stations in the Gulf of Mexico 
(Tables 2, 3 and 4) revealed inorganic boron concentrations could be linearly corre- 
lated with chlorinity. Complex boron was found to vary with oxygen content and to 
be at its lowest concentration in the O, minimum zone. A breakdown of complex 
boron to the inorganic form was believed responsible for varying B/ClI ratios in the 
O, minimum zones. 

Erratic B/Cl ratios when correlated with sigma-r diagrams indicate unstable 
water mass conditions and suggest the possible use of B/CI ratios in water mass 
investigation (Table 2). Further incentive to investigate B/Cl ratios as an oceano- 
graphic tool for water mass tracking was indicated by MIyAKE and SAKURAI (1952). 

Caribbean deep water circulation was investigated by sampling the Venezuela, 
Columbia and Cayman Basins (Table 5). B/C1 ratios were found to be surprisingly 
uniform, varying more with depth at a single station than the average mean between 
stations. It was concluded that while B/Cl ratios could be used for tracking water 
circulation of bays and possibly to identify distinctly different water masses, the 
sensitivity of the method employed was not great enough to detect any slight variations 
of B/Cl which might exist in deep Caribbean water. 
Acknowledgment—This work was supported in part by Grant No. A-022 from the Rosert A. 
WELCH Foundation and Grant No. G—5038 from the National Science Foundation. 
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A description of Gulf Stream Meanders off Onslow Bay* 


FERRIS WEBSTER 


(Received 6 February, 1961) 


Abstract—Data from a month of continuous surface observations across the Gulf Stream show a 
periodic time variation in the position of the current. The region studied is off Onslow Bay, North 
Carolina, where the current is close to the edge of the continental shelf. The dominant periods of 
the position variations correspond to the periods of the offshore winds, but no physical connection 
is apparent. The amplitude of these dominant variations, or meanders, is 10 km. Lunar components, 
either monthly or diurnal, have amplitudes which are, at most, small in comparison with those 
of the principal meanders. 

Although the meanders off Onslow Bay may be analogous to the multiple currents found down- 
stream, their periods eliminate them as incipient forms of the large-scale meanders. An average 
section of velocity and temperature during the month of observation is presented. 


l. INTRODUCTION 


MEANDERS are among the most intriguing and baffling aspects of the Gulf Stream 
System. Although meanders upstream from Cape Hatteras have been the subject 
of a certain amount of study, little is known of their existence or behaviour between 
the Florida Straits and Cape Hatteras, where the Gulf Stream flows close to shore 
over the Blake Plateau. This region would probably be a fruitful one for study, 
since the amplitude of lateral migrations of the current is constrained by the nearness 
of the continental shelf. 

In order to seek information on the fine structure and time variation of the current 
in this region, a month-long cruise was made in the research vessel Crawford by 
W. S. von Arx, D. F. Bumpus and C. G. Day during May and June, 1958. The ship 
made 120 consecutive crossings of the axis of the Gulf Stream during a 28-day period 
(Fic. 1). Measurements were made of the surface salinity and velocity, and of the 
temperature to a depth of 200m. The general procedure of this cruise was similar 
to one undertaken by von ArRx, BumMPuUS and RICHARDSON (1955) in the research 
vessel Caryn, but the duration and concentration of measurements were much greater. 

Because the observations were restricted to a single lunar month, only a relatively 
small portion of the spectrum of Gulf Stream time variations could be sampled. 
Moreover, the time necessary to complete a single crossing of the current was about 
six hours, and hence the frequency of sections was too low to permit semidiurnal 
tidal effects to be measured. By extending the duration of measurements to 28 days, 
it was hoped that the lunar monthly effects, if any, could be observed. Hence, the 
data are most useful for determining the characteristics of time variations having 
periods greater than a day and less than a month. 


2. BASIC DATA 


Throughout the cruise, a bathythermograph (BT) measurement, giving tempera- 
ture as a function of pressure to a depth of 200 m, was taken every half-hour. At 


*Contribution No. 1173 from Woods Hole Oceanographic Institution. 
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the time of each BT lowering, a bucket sample of surface water was taken to be 
analysed later for salinity. The surface water velocity vector was determined hourly, 
by means of the geomagnetic electrokinetograph (GEK) (von ArRx, 1950). The 
position of the ship at each BT and GEK observation was determined by a LORAN 
fix, to confirm the choice of ship’s course to keep as close as possible to the planned 
cruise line. Each crossing was continued across the current as far as was necessary 
to define the onshore edge of the band of maximum velocity. 
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Fic. 1. Onslow Bay area. Point ‘ A” is the intersection of cruise path with the mean axis of 
the climatological mean Gulf Stream, as estimated by the U.S. Coast and Geodetic Survey. 


The observations were plotted to form a set of space-time diagrams : namely 
those in which the values along the line of traverse were plotted against time of 
observation. Isopleths were drawn to connect the sections. These space-time diagrams 
bear some resemblance to the pattern of the stream as it might be if viewed from above. 
From above, the movement of the current is from right to left, whereas in the space- 
time diagrams, the passage of time is from left to right. Consequently, when the 
position of the current is moving towards the shore in time, the local direction of 
current flow is away from shore. 


Surface Temperature 

The surface temperatures were measured by means of a thermistor bead mounted in the bow 
of the Crawford about two feet below the water line. The resistance of the bead was recorded con- 
tinuously on a strip chart recorder calibrated for temperature. This permitted the sharp temperature 
gradients to be well located in space and time (Fic. 2). 
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The surface temperatures were particularly susceptible to seasonal warming during the period 
of Crawford Cruise 18. The maximum temperature at the beginning of the cruise was about 25 °C, 
and at the end of the cruise, the maximum temperature was about 28 °C. This seasonal, or vernal 
warming tends to diminish the surface-temperature contrast across the Gulf Stream and makes 
the definition of the stream edges more difficult. In spite of the major handicap of vernal warning, 
the surface temperatures are nevertheless useful because they can be compared with the other physical 
quantities such as current velocity and salinity which were in general measured only at the surface. 


100-metre temperature 


Since BT lowerings were made at half-hourly intervals, the actual temperature gradients at a 
depth of 100 m may have been much sharper than the necessarily smoothed contours indicate (Fic. 3). 
However, the temperature at 100 m is relatively unaffected by vernal warming, so that it is more 
useful than surface temperature for comparison of the structure of the current between different 
portions of the cruise. 

The fluctuations in the position of the edge of the continental shelf (Fic. 3) are due to uncer- 
tainties in position measurements and deviations of the ship’s course from the cruise line. Loran 
signals were timed to an accuracy of about -++ 3 micro-seconds, which, in this area, amounts to a 
probable positional error of + 1 nautical mile. In addition, because of strong and variable cross- 
currents, the ship deviated from the planned cruise path. These deviations were as great as ten 
nautical miles on the first few crossings, but as the ability to keep the ship on course improved with 
practice, deviations from the cruise line were kept to less than two nautical miles after the first three 
or four days. Because of the irregularities in the edge of the continental shelf, the position of the 
edge at 100 m depth with respect to the point ‘A’ can vary by as much as + 4 nautical miles due 
to deviations from the path line. So, errors from Loran and bottom irregularities can combine to 
produce variations in the position of the 100 m contour as large as 10 nautical miles — enough to 
account for the fluctuations of the shelf edge shown in Fic. 3. 


Depth of 20-degree isotherm 

The topography of the 20-degree (Centigrade) isotherm (Fic. 4) was plotted in an attempt to 
determine the internal motions associated with meanders of the current. The isotherm for 20°C 
was chosen because shallower isotherms were subject to the distortions of vernal warming and deeper 
ones often dropped below the depth accessible to the BT. 


Surface salinity 

The surface water samples, which were routinely taken at the time of each BT lowering, were 
analyzed on a Schleicher-Bradshaw conductivity bridge. (SCHLEICHER and BRADSHAW, 1956). The 
surface salinity (FiG. 5) is determined on the assumption of a direct relation between conductivity 
and salinity, for which the conductivity bridge is calibrated. 


General features of the space-time diagrams 

Each of the space-time diagrams shows a series of lateral migrations, or meanders, of the current. 
The surface temperature diagram (FiG. 2) shows periodic occurrences of a sharp temperature gradient 
across the section. These sharp temperature gradients seem to form at an offshore position and to 
move onshore as time increases, generally becoming more intense. Since the local direction of current 
flow is exactly opposite to the direction of increasing time, the current is actually flowing offshore, 
decreasing in intensity as it does so. A region of sharp temperature gradient is followed by a broad 
diffuse temperature gradient which once again reforms into another offshore sharp gradient. 

Surface readings, though suggestive, are not sufficient for delineating the meanders because the 
surface layer is influenced both by vernal warming and by shifting winds. Consequently, the tempera- 
ture at a depth of 100 m (Fic. 3) and the depth of the 20°C isotherm (Fic. 4), are more useful in 
defining the centre of the Gulf Stream and its edges. It is found, upon comparing the surface velocity 
with the 100 m temperature, that the position of the 20°C isotherm at 100 m depth corresponds closely 
with the path of maximum downstream velocity as defined by the GEK on each crossing (FIG. 6). 
Hence, it is possible to define a centre of the stream using either the BT or the GEK;; either the 20°C 
isotherm at 100 m depth or the maximum velocity across the section may be chosen as the centre 
of the stream in Onslow Bay. 
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ANALYSIS OF THE DATA 


Cold tongues 

Together, the surface temperature and salinity define bands, or tongues, of water 
both colder and less saline than that on either side. 

These tongues are found shoreward of the stream centre. It will be noted that 
towards the end of the cruise, the salinity record shows another of these offshore- 
running tongues, but that the surface temperature record defines it only poorly. 
This is probably an effect of vernal warming, which gives a clue to the origin of the 
water in the tongues. A similar warming during this period was noted at Frying Pan 
Shoals Lightship, between Long Bay and Onslow Bay, where, between May 15 and 
June 15, the surface temperature increased from 19°C to 25°C. 

In addition to the temperature, the salinity also gives a clue to the origin of the 
water in the tongues. Both the water temperature and salinity correspond generally 
to that of the onshore Carolina bays : Raleigh, Onslow and Long Bays. The tem- 
perature and salinity of the water in these regions were recorded during the cruise 
at lightships and have been tabulated by Day (1959). 


Table 1. Comparison between lightship surface salinities and temperatures and 
those found in cold tongues during Crawford 18 Cruise. 


Crawford 18 Frying Pan Frying Pan Diamond 
Date (tongue) Shoals Shoals Savannah Shoals 
(2 days earlier) 


Temp. Sal. Temp. Sal. Temp. Sal. Temp. Sal. Temp. Sal 

May 24-25 22:5 34-5 | 21-5 33-0 22-0 34:0 24:0 31-0 21-5 32:0 
May 28-29 23-0 34-0 | 22-5 34-0 22:0 350 | 240 31-0 — 
May 31-June 2| 22-0 32°5 22-0 33-0 24-0 35-0 24:0 31-5 22-0 31-5 
June 10-11 23-5 34-0 23-0 34:0 24-0 35-0 27-0 30-0 21-5 31-5 
June 15-17 33-5 26:0 33-5 25:0 33-0 26:0 32:0 33-5 


Table | shows the temperatures and salinities as measured in the fresh cold 
tongues in the Gulf Stream and at the same time of the waters at Frying Pan Shoals 
and Savannah Lightships, both south of Onslow Bay, and at Diamond Shoals, north 
of Onslow Bay (Fic. |). The water at Savannah Lightship is warmer and fresher 
than the water in the tongues, which eliminates it as a source of tongue water. The 
salinity of the water at Savannah a few days before the appearance of a cold tongue 
is always less than that in the tongue by about 3%. The temperature and salinity 
are generally less at Diamond Shoals than in the tongues. Temperatures and salinities 
more compatible with those found in the tongues are found in the waters at Frying 
Pan Shoals. If this is indeed the source, best agreement is found when the values of 
temperature and salinity at Frying Pan Shoals are compared with those in the tongue 
at Onslow Bay two days later. 

To illustrate the contrast between the shelf water and the water characteristic 
of the Gulf Stream in this region, note that the salinity of the water on the seaward 
side of the stream is consistently about 36-25%, and the temperature ranges from 25 
to 28°C. This is also typical of water in the main current on the shoreward side 
of the maximum flow. Hence, it appears that the water in the tongues is shelf water 
which has been entrained into the shoreward edge of the Gulf Stream current. The 
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source of the tongue water is just south of the section under observation — probably 
Long Bay. This agrees with the conclusions of BumMpus (1955), and Bumpus and 
PieRCE (1955), that when the Florida Current moves onshore it will entrain shelf 
water. Other investigators have found similar occurrences of fresh and/or cool water. 
ForD, LONGARD and BANKS (1952) reported a slender filament of cold water along 
the shoreward edge of the Gulf Stream, downstream from Cape Hatteras. From the 
salinity of the filament, they concluded that its source was river runoff from the 
shelf near Cape Hatteras. Similarly, HELA and WAGNER (1954) report the occurrence 
of relatively fresh water on the western side of the Florida Current, off Miami, which 
seems to origina e in the north-east area of the Gulf of Mexico. 

The structure of the meanders as shown in the space-time diagrams suggests 
that each intense current forms onshore and moves offshore as it flows downstream. 
As the current flows offshore shelf water remains entrained along its shoreward side. 
If the meanders in the Onslow Bay region are characteristic of those throughout the 
Gulf Stream System, then we should expect to find water from a nearshore region 
generally present along the inshore edge of the current. 


Periodic components of meanders 

The Fourier components of the fluctuation positions of both the velocity maximum 
and the 20°C isotherm at 100m depth were calculated. The lunar month of 27-55 
days was chosen as a basic period, and the positions of these features were determined 
at 48 equidistant points during the month to establish a 48-ordinate scheme for 


AMPLITUDES OF PERIODIC COMPONENTS 


1. 20° ISOTHERM AT 200m DEPTH 


NAUTICAL 
MILES 


WAVE 
NUMBER 


2. VELOCITY MAXIMUM 


NAUTICAL 
MILES 
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Fic. 7. Harmonic components of meanders. 


harmonic analysis, as outlined by CONRAD and POLLAK (1950). The amplitudes of 
the components, up to the 12th harmonic, are shown in FiG. 7. The dominant 
harmonics are the fourth and the seventh, corresponding to periods of 6-9 and 3-9 
days. There is no apparent reason to expect that the dominant harmonic components 
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should be exact sub-multiplies of a lunar month; hence the periods showing this 

characteristic should be regarded only as approximate. However, the prominent 

components have periods of the order of a week and amplitudes of about 10 km. 
It should be stressed that these harmonic components refer only to the Crawford 
Cruise 18 data; there is no evidence to indicate that these same periods and ampli- 
tudes would be found on another cruise. 

Significantly, the amplitudes of the monthly (first harmonic) and fortnightly 
(second harmonic) components are comparatively small, being less than 2 nautical 
miles (3:7 km). Their unimportance indicates that the meanders are not induced pri- 
marily by long-period lunar effects. 

Although the data are not suitable for analysis of diurnal components, it is evident 
from the space-time diagrams that the passage of each of the principal meanders 
(or shingles) is not a diurnal phenomenon, but requires a period of several days. 
It seems likely that, because of their relatively long time of passage, the meanders off 
Onslow Bay are not related to the daily outflow from the Gulf of Mexico, as suggested 
in the hypothesis advanced by von ARx, BumMPus and RICHARDSON (1955). 

A possible cause of the seven-day and four-day recurrence of meanders is revealed 
in a comparison of the meander positions, as indicated by the 20°C isotherm, with 
the atmospheric pressure field during the period of observations. The sea-level 
barometric pressure difference between Charleston, South Carolina, and Cape 
Hatteras was used as an index of the offshore wind. A higher pressure at Hatteras 
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STREAM POSITION 


ATMOSPHERIC PRESSURE DIF FERENCE 


Fic. 8. Atmospheric pressure difference between Cape Hatteras and Charleston, and position 


of stream centre during Crawford Cruise 18. 


corresponds to an onshore wind. FiG. 8 shows the position of the 20°C isotherm 


at 100m and the Hatteras-Charleston atmospheric pressure difference. There is 


an obvious similarity in periods, but no clear indication of synchronism. If it is 
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assumed that there is a delay in the response of the stream position to persistent 
winds, then the atmospheric pressure difference can be lagged. Fic. 9 shows the result 
of introducing a lag of four and a half days, which gives the best correlation between 
atmospheric pressure and stream position. The stream positions (FiG. 9) were 
smoothed by combining the dominant harmonic components (4th, 5th and 7th) 
found in the Fourier analysis. 


NAUTICAL 
MILES 


—— MEANDER POSITION 
~- ATMOSPHERIC PRESSURE DIFFERENCE 


1G. 9. Meander position, as a synthesis of the 4th, Sth and 7th harmonics of the Fourier 
analysis, and the Charleston-Hatteras atmospheric pressure difference, lagged four and one- 
half days. 


The correlation between the two curves in Fic. 9 should not be interpreted as 
implying that the axis of the Gulf Stream is moved by the direct action of the wind. 
The kinetic energy contributed by the wind is several orders of magnitude less than is 
needed to sustain the meanders. An order of magnitude calculation shows that the 
energy added by the wind is two orders of magnitude less than the energy transferred 
from the meanders to the mean flow (WEBSTER, 1961). This energy transfer is pro- 
bably an order of magnitude less than that needed to sustain the meanders. 

Sea-level pressure differences between points across the axis of the current which 
would give an index of the intensity of the prevailing downstream winds showed 
no correlation with the stream meanders. The fact that the only correlation was found 
for the Hatteras-Charleston pressure suggests that the correlation might have been 
coincidental. 


Characteristics of an average Gulf Stream 

The Onslow Bay observations were further combined to portray an average cross- 
section of the surface layer temperature structure and the surface velocity profile 
for the period of the survey. The average downstream velocity profile (+) and the 
average temperature structure are shown in Fic. 10. Fic. 11 shows, for comparison, 
a temperature cross-section and velocity profile for a single crossing of the current and 
might be considered to have some characteristic features common to all 120 crossings. 
Note that the characteristic instantaneous profile has much steeper temperature 
and velocity gradients. When time averages are taken of a shifting steep gradient, 
the gradient is blurred and tends to flatten out. This has been illustrated by 
FUGLISTER (1954) with respect to climatological temperature averages. 
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Any velocity, when measured with the GEK, is less than the actual surface water 
velocity by a factor which depends upon the depth of moving water in relation to 
the total depth of water. Because these depths cannot readily be measured, the 
factor is commonly determined empirically by calculating surface velocities from the 
discrepancies between LORAN and dead-reckoned positions. For the region of the 
Gulf Stream off Onslow Bay, it was found (von ARx, BuMpPUS and RICHARDSON, 
1955) that the GEK velocities should be multiplied by 1-46 + 0-09 to correspond 
with the velocities as determined by dead-reckoning. All the GEK velocities obtained 
during Crawford Cruise 18 have been multiplied by this factor. 


cm./sec 
200 


DOWNSTREAM VELOCITY 


Fic. 10. Cross-section of average current during Crawford Cruise 18. Upper portion shows 
average downstream velocity, (v). Lower portion shows average temperature section. 


The cyclonic shear of the average velocity inshore of the velocity maximum is 
about 4-4 » 10-° sec", and the anti-cyclonic shear of the average velocity offshore 
is about 3-0 » 10-°sec-!. (For comparison, the Coriolis parameter at this latitude 
is 8 x 10°°sec!). However, the cyclonic shear of the average velocity is much 
lower than the cyclonic shear of individual crossings. Von Arx (1951) gives individual 
values as high as 50 x 10-* sec"! for instantaneous cyclonic shears, and some instan- 
taneous shears encountered on Crawford Cruise 18 were as large. The lower value 
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results from the long-term averaging, so that the cyclonic shear of the average current 
for the month observed is less than the Coriolis parameter. To be realistic, a theory 
of the Gulf Stream should probably not imply a climatological average cylonic shear 
in excess of about 5 x 10-* sec! in this region. 
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Fic. 11. Structure of a single crossing of the current. Lower part shows temperature structure 
and wind arrow. Above are: velocity (uncorrected GEK) cm/sec, solid line; Salinity, parts 
per thousand, dotted line; Temperature, degrees Centigrade, dashed line. 


An idealized meander 

The thermal structure of the upper 200 m layer may be determined from the BT 
data. In order to show this structure more clearly, an idealized diagram has been 
drawn, in space and time, which combines some features common to all the meanders. 
Fic. 12 is a diagram of the thermal structure of an idealized meander, in which the 
period of the meander was chosen to be seven days. Each of the meanders resembles 
a sort of skewed wave motion and consists of an intense offshore-running current 
(time 1 to 4 days), followed by a broad, confused flow onshore (time 4 to 7 days), 
then followed by another intense offshore current. The observations taken were not 
suitable to determine whether the cold subsurface water coinciding with the farthest 
offshore positions of the current maximum represents upwelling or not. 
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Comparisons with meanders farther downstream 


The surface meander pattern in Onslow Bay as shown in the space-time diagrams 
has some similarity with the large-scale current pattern farther downstream. 
FUGLISTER (1951) presented an interpretation of the Gulf Stream beyond Cape 
Hatteras as a set of multiple currents. The meanders shown here are similar to the 
multiple currents because they appear to be more nearly a set of disconnected currents 
than a single current; each offshore-running current maximum seems to evolve anew 
rather than to be a continuation of a pre-existing current maximum. However, 
the space and time scales of the meanders off Onslow Bay are far different from 
those of the multiple currents beyond Cape Hatteras. There are only three or four 
currents comprising the multiple current system between Cape Hatteras and the 
Grand Banks. The length of each current is a thousand km or more, whereas the 
meanders off Onslow Bay probably have a length of the order of a hundred km. 
The multiple current pattern is either a permanent structural feature of the flow, 
or persists for a period of several months; the Onslow Bay meanders, on the other 
hand, pass by at a rate of one each week. 
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Idealized meander structure. 


Although there is uncertainty about the interpretation of the Gulf Stream currents 
between Cape Hatteras and the Grand Banks (FUGLISTER, 1955), it seems likely that 
currents in the region contain large-scale meanders (ISELIN and FUGLISTER, 1948; 
ForpD and MILLER, 1952; FUGLISTER and WORTHINGTON, 1951). Such large-scale 
meanders are not an evolved form of the meanders observed off Onslow Bay. The 
meanders downstream from Cape Hatteras give the appearance of an amplifying 
disturbance (FUGLISTER and WORTHINGTON, 1951, Fic. 4). Were this assumption 
to be valid, the meanders excited upstream from Cape Hatteras and those which 
become amplified downstream would have similar periods. Since the time scale 
of the large-scale meanders appears to be at least an order of magnitude larger than 
the week-long periods observed off Onslow Bay, the meanders observed at Onslow 
Bay during the course of one month are probably not an incipient form of the larger 
meanders found farther downstream. If the large-scale meanders do have their origin 
upstream from Cape Hatteras, and have a period longer than a month, observations 
should be extended over several months to distinguish them. 
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SHORTER COMMUNICATION 


temperature decrease of surface sea-water in high latitudes and of abyssal-hadal 


water in open oceanic basins during the past 75 million years* 
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Abstract—Oxygen isotopic analysis of Upper Cretaceous belemnites from Alaska and Siberia gave 
temperatures of about 14°C. Similar measurements on shells of calcareous benthonic Foraminifera 
from sections of Globigerina-ooze sediments of Tertiary age from the eastern equatorial Pacific 
gave a temperature of 10-4°C for the Middle Oligocene, decreasing to 2-2°C in the Late Pliocene. 
Thus, a temperature decrease of both surface water at high latitudes and abyssal-hadal water in 
open oceanic basins, amounting to about 12°C, appears to have occurred during the past 75 million 
years. This temperature decrease was probably not linear with time and, although very slow, may 
have had an important effect on the abyssal and hadal fauna. By comparison, temperatures similar 
to the present ones may have obtained throughout geologic time in at least some portions of the 
equatorial thermosphere. If constant temperature is more important for the survival of archaic 
forms than other factors, the equatorial pelagic fauna should show more archaic affinities than 
other marine faunas. 


Oxygen isotopic analysis of Upper Cretaceous belemnites from Alaska and Siberia indicated 
that surface water temperature at high latitudes and, therefore, also the bottom temperature in 
all open oceanic basins, was about 14°C (Epstein, 1959). A correction for a probably slightly greater 
concentration of 0!8 in sea water (cf. EMILIANI, 1955, p. 541), partly compensated by the absence 
of ice caps, might raise this value by one or two degrees centigrade. 

Some of the deep-sea cores collected in the eastern equatorial Pacific by the Swedish Deep-Sea 
Expedition 1947-1948 and described by ARRHENIUS (1952) were found to contain sections of 
Globigerina ooze sediments of Tertiary age. These sediments were found outcropping (core 53), 
covered by younger red clay (core 57), or covered in continuity by Pleistocene Globigerina ooze 
(cores 58 and 62). Micro-paleontological analysis (EMILIANI, 1956) indicated that the sediments 
of core 53 are of Middle Oligocene age and those of core 57 of Lower-Middle Miocene age. The 
sediments of the lower portions of cores 58 and 62, underlying comformably the Pleistocene sedi- 
ments, may be considered of Late Pliocene age. 

Shells of benthonic calcareous Foraminifera, belonging to a number of different species, were 
separated from the Tertiary sediments, and the 01*/0!° ratio in the shell carbonate was d2termined 
following the method of paleotemperature analysis d2vised by Urey (1947) and developed by Urey, 
EpsTEIN and co-workers (EPSTEIN, ef a/., 1951, 1953). The Oligocene, Miocene and Late Pliocene 
foraminiferal assemblages gave temperatures of, respectively, 10-4°, 7-0°, and 2:2°C (EMILIANI, 1954). 
It was concluded that the temperature of the bottom water of the Pacific ocean had decreased about 
8°C during the Tertiary. A similar decrease was inferred for the temperature of the surface water of 
the polar and subpolar seas, which determines the temperature of the bottom water in all open oceanic 
basins. The value of the temperature decrease was found in agreement with estimates based on 
paleontological, paleobotanical, and geological evidence (EMILIANI, 1954). 

If the evidence from the Tertiary deep-sea cores is combined with that from the Upper Cretaceous 
belemnites, the temperature of both surface water in the high latitudes and abyssal-hadal water in 


*Contribution No. 305 from The Marine Laboratory, University of Miami. 
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all open oceanic basins appears to have decreased about 12°C during the past 75 million years (Fic. 1). 
Although the available data are few and the chronological control very poor, the temperature decrease 
does not seem to have been linear with time. The effect on the abyssal and hadal fauna might have 
been marked, although probably very gradual. 

The temperature values from the deep-sea cores, mentioned above, were used by Bruun (1956, 
1957) and Wo-rFF (1960) to suggest that the Tertiary abyssal fauna might have been largely killed by 
the temperature change, and that most of the modern abyssal and hadal fauna might be very young. 
Menzies and Imprie (1958) reviewed six groups of marine invertebrates and concluded that, in effect, 
the abyssal fauna contains fewer archaic types than the fauna living within 2,000 m. from the surface 
(see also MENZIES, ef a/., 1961). A closely reasoned study of the problem, however, led ZENKEVITCH 
and BirsTEIN (1960) *o conclusions quite contrary to those of MENziEs and Imprig. In the course 
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of their analysis, ZENKEVITCH and BiRSTEIN (1960, p. 13) dismiss the paleotemperature results from 
the deep-sea cores with the following discussion : ‘ Determinations of bottom water temperatures 
were made by EmILIANt (1954) for the Oligocene from Cassidulina spinifera Cushman and Jarvis, 
and for Miocene from Gyroidina zelandica Finlay and Laticarinina bullbrooki Cushman and Todd. 
All three species of Foraminifera used for the determination of paleotemperatures are diagnostic 
fossils for shallow water deposits of their respective ages. It is very doubtful that they lived in abyssal 
depths contemporaneously. According to CUSHMAN and STAINFORTH (1945), C. spinifera and L. 
bullbrooki inhabited depths ranging from 50 to 200m. Most probably there was a secondary shifting 
of empty shells of these Foraminifera to a greater depth, such as was proved by EmILiANI and 
Epstein (1953) to have occurred for Elphidium. If so, the temperature determined for these species 
refers not to the abyssal but to the bathyal and sublittoral zones. This explains the higher values of 
water-temperature compared with those of the abyssal waters of today and makes agreement with 
the far-reaching inferences by BRUUN from the data of EMILIANI impossible (BiRSTEIN, 1959).’ 

This discussion includes several incorrect statements, partly because papers by STAINFORTH 
(1948), BECKMANN (1953) and EMILIANi (1956) were not considered, and the conclusion reached is 
unsupported. The Globigerina ooze sections of cores 53, 57 and 58 consist of typical, homogeneous 
and unstratified Globigerina ooze sediment, without any evidence of faunal displacements, or deposi- 
tion by turbidity currents, submarine slumping, etc. The isotopic analyses were made not only on the 
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three species mentioned by ZENKEVITCH and BirsTEIN, but on all benthonic calcareous species en- 
countered in the cores in question. A list of the species which are stratigraphically significant was 
published by EmILiant (1956). CusHMAN and STAINFORTH (1945) did not say that Cassidulina spinifera 
and Laticarinina bullbrooki inhabited depths ranging from 50 to 200m but stated that the Cipero 
Marl formation, where these two species occur, was probably deposited at a depth greater than 
90-180 m, although probably not greater than 400-500 m (STAINFORTH, 1948). BECKMANN (1953) 
made a thorough micropaleontological and stratigraphic analysis of the Oceanic formation of 
Barbados and concluded that both this formation and the analogous Cipero Marl formation were 
probably deposited at a depth between 1000 and 1500 m. Two of the extinct species listed in EMILIANI 
(1956), i.e. Laticarinina bullbrooki and Gyroidina planulata, occur in the Oceanic formation. SENN 
(1948) suggested that the Oceanic formation might have been deposited at a depth of a few thousand 
metres, but this view is not shared by other geologists (cf. BECKMANN, 1953). 

Whatever the actual depth of deposition of the Cipero Marl and the Oceanic formation might 
have been, benthonic Foraminifera are generally far less exact depth indicators than ZENKEVITCH 
and BirsTEIN apparently believe. In fact, three of the four extant benthonic species listed by EMILIANI 
(1956), i.e. Cassidulina subglobosa, Pullenia quinqueloba and Eggerella bradyi, have depth habitats 
of, respectively, 22 to 5400 m, 50 to 3400 m, and 235 to 5700 m (data from PHLEGER, ef al., 1953), a 
clear example of wide depth dispersion. The fourth extant benthonic species, Nodogerina challen- 
geriana, originally described from southwest of New Guinea, at a depth of 220m, has not been 
reported from deep-sea cores. Finally, the extinct species Sphaeroidinella rutschi occurs also in the 
Miocene sections of the deep-sea cores 233 and 234, which were raised from depths of, respectively, 
4125 and 3577 m in the equatorial Atlantic (PHLEGER, ef al., 1953). 

From the above discussion it appzars that there are no reasons to doubt the validity of the isotopic 
temperatures as representing bottom temp2ratures of the ocean water at the given times, localities, 
and depths. The displaced Elphidium shells mentioned by ZENKEVITCH and BirsTEIN refer to a littoral 
sediment (the Lomita Marl of southern California) and to storm effects having no relationship 
with the present problem. 

The evidence presented above indicates that abyssal and hadal temperatures have not remained 
constant during geologic time. This is not surprising because abyssal and hadal temperatures in 
open oceanic basins are conditioned by surface temperatures in the high latitudes, and these have 
been known to have changed markedly even on paleontological and paleobotanical evidence alone. 
In addition to the slow temperature decrease from the Late Cretaceous to the Late Cenozoic, 
there is some evidence that abyssal temperature in some regions may have undergone more rapid 
changes during the Pleistocene in response to the glacial-interglacial cycles. Thus, oxygen isotopic 
analysis of calcareous benthonic Foraminifera from a deep-sea core from the equatorial Atlantic 
indicated a variation of about 2—3°C (EMILIANI, 1958, Fic. 5), if a correction is made for the greater 
concentration of 0!8 in sea water during glacial ages. Aside from temperature oscillations during 
the Pleistocene (3-4°C in the equatorial Pacific, and 6-7 C in the equatorial Atlantic; see EMILIANI, 
1955), the equatorial thermosphere, at least in portions, may have maintained temperatures similar 
to the present ones throughout geologic time. If constant temperature is more important for the 
survival of archaic forms than other factors, the equatorial pelagic fauna should show more archaic 
affinities than other marine faunas. 
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INSTRUMENTAL NOTE 


Prevention of water loss through CAB plastic sediment core liners* 
Georce H. ADRIAN F. RiIcHARDSt and JoHN H. RECKNAGEL** 
(Received 26 January, 1961) 


Abstract—Cellulose acetate butyrate (CAB) core liners lose water through pores in the plastic. A 
wax bath has been developed to coat liners with a microcrystalline wax to retard water loss. Sealing 
properties of this wax are compared with those of paraffin and a combination of aluminium foil 
and microcrystalline wax. Over a 50-day period uncoated liners lost water at an average rate of 
21:1 x 10-4 g/day/cm? of surface area, while liners coated with microcrystalline wax or with paraffin 
lost less than 3-3 x 10-4 g/day/cm?. Liners coated with foil and wax did not lose water during the 
test. 


INTRODUCTION 
LINERS are an important accessory in most sediment coring devices, having been in use since about 
1877 when EKMAN and Pettersson (1893, pp. 26-33) used brass liners in their deep-sea corer. In 
early years, liners were made of glass, thin-walled brass or copper tubing, as well as celluloid strips 
that were rolled to fit inside the core barrel. More recently extruded cellulose acetate butyrate (CAB) 
has been used to make conventional liners, for example, Kullenberg- and Phleger-type corers used 
by many Oceanographic institutions and the U.S. Hydrographic Office (1955, pp. 52-62). 

With increasing interest in the mass physical properties of recent marine sediments, it is important 
that desiccation be kept to a minimum if in-place water content is to be retained within the cores 
until the time of laboratory analysis. CAB liners are quite pervious to water. To reduce sediment 
drying after collection, they should be (1) suitably coated with a sealer, (2) stored in a cold box, 
or (3) stored in a container or room with high relative humidity. This paper considers only the first 
method. 


LABORATORY TESTS 


Hvorstev (1949, p. 385-387) summarizes experiments conducted between 1942 and 1946 on 
various methods of sealing sediment samples. Although battery sealing compound gave best results, 
for general use sealing with paraffin was recommended (pp. 391-392). A more recent investigation 
was described in an unpublished manuscript by J. O. OsTERBERG and K. H. TsEeNG (The effectiveness 
of various waxes for sealing soil samples, 1949, Northwestern Univ., Dept. Civil Eng. A few of the 
results have been published by Lame, 1951, p. 3). They found Petrowax A, manufactured by the 
Gulf Oil Corporation, to be the most efficient and paraffin the least efficient of thirteen waxes tested. 
Petrowax A is no longer available on the market; consequently, the writers have located a wax 
of similar properties that is believed to be equally effective. This wax, Victory Brown-155, manu- 
factured by the Bareco Wax Company, currently is being used by the Hydrographic Office to coat 
CAB core liners. 

Laboratory tests were conducted by the writers in 1959 and 1960 to determine the rate of water 
loss through 7-6- to 12-7 cm- long sections of CAB liners for Kullenberg and Phleger corers. Liner 
ends were covered with CAB caps and sealed with ethylene chloride, a CAB solvent. Kullenberg 
liners have a wall diameter of 5-08 cm and an inside diameter of 4-76cm; dimensions of Phleger 
liners respectively are 3-81 cm and 3-48 cm. 

*The opinions contained in this paper are those of the writers and are not officially endorsed 
by the U.S. Navy Department. 

**US. Navy Hydrographic Office, Washington 25, D.C. 

+U.S. Navy Electronics Laboratory, San Diego 52, California. 
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Fic. 1. Applying wax to a plastic liner using the * bazooka-like ’’ wax bath aboard a Hydro- 
graphic Office oceanographic survey ship. 
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Sixteen sections were filled with fresh water and 16 others with sea water. Eight sections were 
dipped in Victory Brown wax. A second set of 8 first were dipped in Victory Brown, wrapped in 
aluminium foil, and dipped a second time. A third set of 8 were dipped in paraffin. Eight others 
were left uncoated. Coatings were about 0-16 cm thick. 

All cylinders were weighed periodically over a 50-day period and the final weight loss resulting 
from evaporation determined (Table 1). The ability of water to pass through CAB has been shown 
previously by GREATHOUSE and MCGLAssON (1957), who noted the rate of water absorption was 
2:1 per cent of the total weight in 24 hours at temperatures at or near 24-44°C. GREATHOUSE and 
MCcCGLASSON also showed that CAB has a noticeable reduction in strength (up to 23 per cent) when in 
contact with water and exposed to temperatures of 48-89°C for 30 days. A noticeable loss of strength 
at temperatures below 32-22°C was found by the writers. 


Table 1. Average weight loss in g/day/cm" of surface area 


Kullenberg liner | Kullenberg liner | Phleger liner Phleger liner 

with fresh water | with sea water | with fresh water with sea water 

(i.d. 4:76cm) | (i.d. 4°76 cm) (i.d. 3-48 cm) (i.d. 3-48 cm) 


4 


Uncoated 
Paraffin 
Victory Brown-155 wax 
Victory Brown wax and 
aluminium foil none 


Table 1 shows that the 8 uncoated sections lost about the same amounts of water, an average of 
21-1 x 10-4 g/day/cm?, or a loss 6 to 70 times greater than cylinders coated with wax alone. The 
larger diameter Kullenberg liners coated with Victory Brown lost slightly less water than those coated 
with paraffin. Thus, with only a thin coating of either wax, the amount of water loss is small. No 


detectable water loss occurred when a combination of microcrystalline wax and aluminium foil was 
used to coat the liners. There was no noticeable difference in the weight loss between cylinders 
filled with sea water and those filled with fresh water. 

Water loss resulting from these tests represents a maximum rate of loss because the cylinders 
were filled with water rather than with sediment, from which water loss would be much less rapid. 

To determine the effects of freezing temperatures on the sealing properties of the waxes, four 
cylinders were nearly filled with sediment having a water content 87 per cent of dry weight. One 
cylinder was dipped in Victory Brown wax. A second was first dipped in Victory Brown wax, wrapped 
with a layer of cheesecloth, and then dipped again. Aluminium foil was used instead of cheesecloth 
on the third cylinder. The fourth was dipped in paraffin. After 24 hours at — 17-78°C, the paraffin 
cracked and fell away from the fourth cylinder; the other three coated with microcrystalline wax 
did not show cracks. These samples were kept an additional 6 days at the same temperature, at which 
time the microcrystalline wax coatings again were closely examined and no cracks were found. 
Victory Brown wax has an oil content nearly 17 times greater than that of paraffin (Table 2), which 
probably accounts for the increased pliability particularly at low temperatures. 


WAX PROPERTIES 


As noted above, Petrowax A was found to be the most favourable sealing wax by OsTERBERG 
and TseNG. A satisfactory substitute is Victory Brown-155, manufactured by the Bareco Wax Com- 
pany of Barnsdall, Oklahoma, at a cost lower than commercial paraffin. Other waxes with similar 
properties may be available. 

Table 2 compares properties of the two waxes used in our tests and Petrowax A. Victory Brown 
wax forms a stiff yet pliable coating upon cooling which will not chip as paraffin does. The coated 
liner can be handled and stored quickly after the wax has been applied because the wax solidifies 
rapidly. Victory Brown was not found to be excessively sticky in the subtropics. 


APPLICATION OF WAX 


A vertical bath (Fic. 1) has been designed for easy coating of plastic core liners. The ‘ bazooka- 
like’ bath is constructed of 0:08 cm copper sheet. The main cylinder is a standard copper drain 
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spout of 7-:00cm inside diameter. Three brass brackets are brazed to the main cylinder 38-0 cm 
above the bottom to hold the legs which are made of stock 0-32cm T-aluminium. The bath i 
129-54 cm high and holds about 3-6 kg of wax. Experience has shown that the thickness of the copper 
cylinder where the braces are attached should be at least 0-16cm thick to reduce buckling with 
rough handling. The bath is heated by a sturdy flexible mantle* 182-88 cm long by 5:72 cm wide 
that operates on 110 volts A.C. Fic. | shows how the mantle is wound around the main cylinder. 
Insulation to reduce heat loss in cold climates easily could be placed around cylinder and mantle 
if desired. 
Table 2. Wax properties*. 


Melting Flash point Oil content General 
point open cup (%) pliability 
CC) 


Petrowax A 70-00F 273-89 
Victory Brown-155 wax 68-33 260-00 5: good 
Paraftin 55-00 236°67 poor 


*Description of properties of paraffin and Petrowax A were furnished to the writers by Mr. J. 
L. Currrorp of the Gulf Oil Corporation, and for Victory Brown wax by Mr. F. C. THOMPKINS 


of the Bareco Wax Company. 
+LamBE (1951, p. 3) gives 75°56 C as the melting point. 


Operation of the ‘ bazooka ’ aboard ship is as follows : 2 liner is withdrawn from the core barrel 
capped, wiped dry (the wax will not adhere to a wet surface), and dipped into the bath. The immersion 
should be done quickly but not so hurriedly that the wax squirts out of the bath. Since the wax 
cools rapidly, the liner can be inverted if longer than the bath, and the other end coated in less than 
2 minutes, or the remainder of the liner can be coated using a brush. Care must be taken to heat 


the wax only a few degrees above its melting point of 68-33°C. Excess heating causes the loss of hydro- 


carbons and thus changes the properties of the wax. The bath shown in Fic. | is designed for vertical 
operation because some cores collected by the Hydrographic Office are kept in a vertical position 


from the time they are collected until the time they are tested. The bath has not proved difficult to 
use in this position. 

This method of coating is believed to be considerably easier than the rather complicated procedure 
described by ARRHENIUS (1952, p. 205) to protect from desiccation, cores collected on the Swedish 
Deep-Sea Expedition. 

CONCLUSIONS 

Water loss through CAB plastic core liners can be retarded by coating liners with wax, or eli- 
minated by sandwiching metal foil between coats of wax. A microcrystalline wax called Victory 
Brown-155 appears to be slightly less previous to water than paraffin. Victory Brown is preferable 
because of its pliability and excellent adhesion to the liner; paraffin is more brittle and chips easily 
from the liner. Victory Brown wax was tested at 17-78°C without cracking or chipping for a one- 
week period; tests for longer periods at this temperature were not made. Under similar conditions, 
paraffin became brittle and broke off from the liner, this would permit desiccation of the sediment 
if the temperature rose above freezing. Victory Brown wax is recommended for use in polar regions. 
The electrically-heated wax bath described facilitates the rapid coating of short sediment cores. 


Acknowledgments—The writers express their appreciation to Messrs. J. L. Ciirrorp and 
F. C. THompkins for furnishing information on wax properties. Dr. J. M. ZEIGLER, Woods Hole 
Oceanographic Institution, F. F. Koczy, University of Miami Marine Laboratory, and 
H. B. Stewart, Jr., U.S. Coast and Geodetic Survey, kindly reviewed preliminary copies of this 
paper and made helpful suggestions. 
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LETTERS TO THE EDITORS 


Correction 
(Received 9 February 1961) 


RECENTLY, it was discovered that the depths of reversal of the Nansen bottles, as calculated at the 
Honolulu Biological Laboratory from temperature differences of unprotected and protected reversing 
thermometers, are in error. These depths, which are in excess of the correct depth, may be reduced 
to the proper value by the use of a correction factor, as described below. 

At the time the data processing system in use at this laboratory was being established, a table 
of the factor 1/(Q ™ p,,) was prepared for use in computing the depths of reversal from the readings 
of unprotected thermometers; Q represents the pressure-constant of an unprotected thermometer, 
and p,, represents the mean density of the water column above the depth of thermometer reversal, 
which was taken to be 1-0303 in all cases. An error occurred in the calculation such that, instead 
of 1/(Q x p,,), the table consisted of values of (1/Q) x p,,. This error is present in all of the depth 
data which have been published by this laboratory under its previous name, Pacific Oceanic Fishery 
Investigations, and under its present namz, Honolulu Biological Laboratory, up to and including 
1960. Therefore, in making use of the data published by this laboratory before 1961, all depths 
should be corrected by dividing each by (p,,)*, which is equal to 10615. Multiplication of all 
the published depths by 0-942 will give the proper value for the depth of each observation. 


United States Department of THoMAS S. AUSTIN 
the Interior, 

Fish and Wildlife Service, 

Honolulu. 


Erratic Boulders from Great Meteor Seamount* 
(Received 15 June, 1960) 


Two cores, six dredge samples and a series of photographs were taken on Great Meteor Seamount 
(30°N, 28°W) by the U.S.N.S. Chain during its 1959 summer cruise. One of the dredge hauls 
‘CD No. 1) constitutes a fifteen-minute haul in water that shoals from 713 m. (390 fms.) to 650 m. 
(355 fms.). Along with four boulders of continental-type rock it collected about a bushel of rock 
consisting of indurated foraminiferal limestone, boulders of reef material, dead coral, and a large 
slab of reef limestone, 20 18 in. in size*. The continental rock types are (1) a coarse-grained pink 
granite composed of orthoclase, quartz, biotite and plagioclase; (2) a garnet-bearing quartz-biotite 
schist; (3) a medium-grained diorite with plagioclase, biotite and hornblende and (4) a three-inch 
cobble of dense, thinly-laminated quartzite. These rocks differ markedly in appearance from the 
local foraminiferal and reef limestone (FIG. 1). 

Dredge hauls from the flat top of the seamount brought up only fine-grained, uniform, calcareous 
sand and small, dead corals; hauls deep down the side returned with only calcareous mud and ooze 
and one round cobble of volcanic rock. A series of photographs taken down the south side of the 
seamount show zones of poorly sorted, sub-rounded cobbles and boulders (Fic. 2). The deeper 
slopes are massive rock with patches of white sand or ooze. 

The erratic boulders and cobble of diverse rock types are apparently rather abundant on the 
upper slopes of Great Meteor Seamount. After examining the probability of human transportation, 
rafting by vegetation and local sources or origin, ice rafting seems to explain the presence of these 
erratic boulders most plausibly. 


*Contribution No. 1122 from the Woods Hole Oceanographic Institution. 
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The Ice Atlas of the Northern Hemisphere (H. O. Pub. 550) and the Pilot Charts of the North 
Atlantic indicate that ice has infrequently been reported that far south. Thus in September 1883, 
it was reported at 36°N, 30°W; in May 1907, at 31°N, 38°W; in July 1926, at 30° 30’N, 63°W; and 
in 1934 at 31°N, 45 W. There are also several reports of ice near the Azores and one near Bermuda. 
However, the International Ice Patrol (personal communication) has suggested that some of the ice 
reported as drifting this far south may have been mistakenly identified. Despite such reports of 
southerly drifting ice, it seems improbable that a sufficient quantity of ice to carry erratic boulders 
to Great Meteor Seamount (30°N) has drifted that far south under present climatic conditions. 
Therefore, we must look to the Pleistocene ice advances for the source of the erratic-carrying ice. 
Assuming that the North Atlantic circulation was the same during the Pleistocene as it is at present, 
the origin of the erratics would most likely have been the North American Continent — indeed, 
probably the New England-Acadian Area. At the present time no ice is ever seen off the European 
coasts because of the effect of the warm Gulf Stream water. During the Pleistocene, however, ice 
could perhaps have been picked up from the seaward extension of the North American Continental ice 
sheet and transported across the Atlantic to Great Meteor Seamount. 


*Glacial erratics and continental-derived rocks have been dredged from the North Atlantic by 
several other expeditions (MurRRAY, 1891, p. 322; Ewina, 1949, p. 618; HEEZEN, 1959, p. 99). 
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Fic. 2. Boulder and cobble deposit at 512 metres (280 fms.) on Great Meteor Seamount. 
Note the similarity of shape and size to the rocks shown in Fig. 1. 
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Fic. 3. A vertical photograph of the steep slope of the seamount at a depth of about 1280 metres 
(700 fms.). The jagged porous rock appears very similar to large slabs of calcareous reef rock 
brought up in the dredges. 


~ 
. 
. 
x 
‘ 
” 
ar 


‘UOIIOd OY} UO ‘UIFIIO [ROO] Jo Ajqeqoid ‘sadA} oy) Jo do} oy) SYOOI YL 


é 


ae Vol. 
Ate 
: 
; 


Deep-Sea Research, 1962, Vol. 8, pp. 155 to 164. Pergamon Press Ltd. Printed in Great Britam 


Spectra of low frequency ocean waves along the Argentine shelf 


DOUGLAS INMAN,* WALTER MUNK* and MARCIANO BALAYt 
(Received 3 January \961) 


Abstract—The low frequency spectra covering the * quiet ’ range between the astronomically induced 
tides and the wind generated swell was obtained by an analysis of the records from three tide gauge 
stations along the broad Argentine shelf. The cross-spectral analyses suggest a peaked spectrum 
(perhaps associated with shelf-resonances) superimposed upon an independently generated spectrum 
which diminishes monotonically with increasing frequency. The absence of coherence between 
Quequen and Mar del Plata, separated by a distance of 67 nautical miles, suggests that the seiches 
at the two locations are not directly related in any simple way. The disturbances are not propagated 
as simple edge waves between the two areas. 


INTRODUCTION 


THE BROAD Argentine continental shelf is noted for the frequent occurrence of open 
sea seiches up to a metre or more in height, and with periods from a few minutes to 
several hours. BALAY (1955) has shown that these oscillations frequently occur 
coincidentally with the passage cf sharp meteorological pressure fronts coming from 
central Patagonia. The seiche activity over this broad shelf is indeed unusually high 
at all times. This suggested to us that it might be worthwhile to carry out cross- 
spectral analysis between tide records from two locations along the shelf. The prin- 
ciple advantage of this technique is that it gives the phase relation as a function of 
frequency for irregular, complex records and does not depend on the passage of an 
identifiable pulse. 

Accordingly, we have analysed the marigrams from three tide stations along the 
Argentine coast. Two of the stations are situated near Mar del Plata; one on the 
open sea (Mar Libre), the other three miles to the south inside the protected harbour 
(Puerto). The third station is inside the harbour of Quequen, about 67 nautical miles 
west-southwest of Mar del Plata. The continental shelf is approximately 90 nautical 
miles off Mar del Plata and somewhat wider off Quequen (Fic. 1). The tides in the 
region are mixed with both semi-diurnal and diurnal components present, and have a 
maximum diurnal range of almost two metres at Mar del Plata and somewhat greater 
to the south. 

The tidal records from each station were analyzed for the ten-day period from 20 
to 31 December 1955. All three stations showed rather high levels of background 
noise throughout the ten-day period. Seiche-like oscillations were especially pro- 
nounced during the night of 24-25 December and attained heights of about 80 cm 
at both stations in Mar del Plata (Fic. 2). In order to obtain spectra with and without 
these high oscillations, all three records were divided into two continuous series of 
about five days each and analyzed separately. In each case, the part A records of 
Figures 3 and 4 contained the high oscillation of 24-25 December 1955. 


*Scripps Institution of Oceanography of the University of California, La Jolla, California, 
tJefe Division Mareologia, Ministerio de Marina, Republica Argentina. 
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Fig. 1. Location of tide gauge stations : two at Mar del Plata, Mar Libre (38° 00’S, 57° 33’ 42”W) 

(and Puerto (38° 02’S, 57° 32’W); and one at Quequen (38° 35’S, 58° 42’W). The Mar del Plata 

Plata stations are three miles apart, while the Quequen station is 67 nautical miles to the west- 
southwest. 
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ANALYSIS PROCEDURE 


The records have been analysed according to the method of Tukey (BLACKMAN 
and Tukey, 1958). For details refer to MUNK, SNODGRASS and TuCKER (1959). The 
time series were obtained by reading the tide record at five minute intervals to the 
nearest | mm of sea level, and punching the results on cards. The series were then 
checked on an I.B.M. 650 for errors (using a first-difference criterion). The tide was 
reduced by a high-pass filter with 201 weight factors, and the power spectra of the 
filtered records obtained. The last two operations were performed on the I.B.M. 709 
computer at the Western Data Processing Centre, University of California, Los 
Angeles. At low frequencies the spectra are contaminated by tides owing to an 
unfortunate choice of the high-pass weight factors. 

Part A spectra of Fic. 3 and 4 extends from 004 00” 20 December 1955 to 014 05" 
27 December 1955 before high-passing and from 09* 05" 22 December to 01" 05” 
27 December after high-passing.* Part B extends from 004 007 27 December 1955 
to 23" 55" 31 December before high-passing, and from 004 00” 27 December to 
15 35" 31 December after high-passing. Each of the two parts contain about 1340 
values. When analyzed into 100 frequency bands this gives 2 x 1340/100 = 27 
degrees of freedom. Standard deviation of the power spectra is roughly (27)? = 0-2 
times the estimates. In order for the (coherence)? to be significant it should exceed 
4/27 = 0-15. 

All results are plotted as a function of frequency in Fics. 3 and 4. The upper plot 
gives the power spectra for each of the two stations under consideration; the central 
plot gives the square of the coherence between stations; and the lower plot gives 
the phase difference between stations. The spectral density of the power spectrum 
is expressed in centimeters squared per cycle per kilosecond (cm?/c.p.ks.), and can be 
interpreted as the contribution towards the variance per unit frequency band. The 
coherency and the phase difference between the records of the two stations can be 
interpreted as follows: if any two records (x, y) are ‘ played’ through a narrow 
filter peaked at some frequency /, and the filtered x record lagged relative to the filtered 
y record by a variable phase ¢, the plotted phase angle is that value of ¢ for which 
the correlation is a maximum, and the plotted (coherence)? is the square of this 
maximum correlation. 


DISCUSSION 


Part A spectra for Mar del Plata (both Mar Libre and Puerto), FiG. 3 (a), shows 
narrow peaks of about 150 cmi*/c.p.ks. at frequencies of 0-20 and 0-34 c.p.ks., and 
somewhat lower and broader peaks near 0-60 c.p.ks.t The latter is more pronounced 
for the Puerto spectrum than for Mar Libre. There is good coherence (strong correla- 
tion) between Mar Libre and Puerto spectra in the low frequency portions of the 
spectrum and poor coherence for frequencies higher than about 0-5 c.p.ks. 

Part B analyses for Mar del Plata (Fic. 3 (b)) show less coherence between Puerto 
and Mar Libre stations; the peak at 0-2 c.p.ks. is absent from both power spectra, 
while the broad peak near 0-6 c.p.ks. is only prominent for the Puerto station. 

*Use of 201 weight factors results in the loss of 100 values from the beginning of Part A and from 


the end of Part B records. 
tThe corresponding periods are 1-44, 0-82 and 0-46 hr respectively. 
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Spectra of low frequency ocean waves along the Argentine shelf 


Curiously, while both the A and B spectra for Puerto are ‘ noisy’ they show very 
little power for frequencies of 1-2 c.p.ks. and higher, which more nearly correspond 
to the fundamental frequencies for the harbour. The good coherence between the 
spectra from the harbour and the open sea stations at Mar del Plata suggest that the 
water level disturbances within the harbour follow closely those of the adjacent open 
sea. Apparently the coupling between sea and harbour is good, and there is little 
tendency for the harbour to resonate at its fundamental frequency. 

The spectra for both analyses at Quequen (Fic. 4 (a, b)) show high random 
background noise throughout all frequencies, with little indication of narrow energy 
peaks. Further there is little significant coherence between the Quequen and Mar del 
Plata spectra except at 0-2, 0-34 and possibly at 0-6 c.p.ks., nor is there a convincing 
relation between the phase of the spectra in the two regions. 

Taken together the cross-spectral analyses suggest the presence of three separate 
phenomena : the tides on one extreme, a monotonic spectrum, and shelf seiches which 
form peaks rising above the monotonic spectrum. The shelf seiches are only significant 
in the Part A spectra, and are undoubtedly associated with the active seiche of 24-25 
December 1955 (Fic. 2). The reason for suggesting a distinction between the mono- 
tonic spectrum and the shelf seiches is threefold : 

(1) The troughs between the spectral peaks of the Part A spectra occur at about 
the level of the monotonic spectra of Part B, as if these shelf peaks were superimposed 
on the monotonic spectrum. This suggests that without the monotonic spectrum the 
spectral density between peaks might have been considerably lower. 

(2) A solid line is drawn in Fic. 3 (a), (b) (bottom) representing a 60 min phase 
lag of Puerto behind the Mar Libre spectrum, which is due to clock error*. The 
dashed line in Fic. 3 (a) and (b) represents a 54 min lag of the Puerto station, which is 
actually a 6 min lead when the two stations are reduced to the same time datum. 
A 6 min lead is the published phase difference for tides between these stations. It 
should be noted that the spectra of Fic. 3 (a) are in agreement with the 6 min phase 
lead, while that for Fic. 3 (b) indicates no phase difference (other than that due to 
clock error). From a detailed inspection of the phase differences, one gathers the 
impression that the 6 min phase difference is associated with the spectral peaks of 
Fic. 3(a) at approximately 0-2 and 0-34 c.p.ks., whereas in the troughs the two 
records are more nearly in phase, as in Fig. 3 (b). 

(3) The monotonic spectrum, even though low compared with the shelf seiche, is 
significant as borne out by the meaningful coherence and the systematic phase differ- 
ence between the spectra of the two stations for frequencies less than about 0-4 c.p.ks. 

The above three observations suggest that the monotonic spectrum is associa- 
ted with a different type of wave phenomena than that of the shelf seiche. In 
particular, waves associated with the monotonic spectrum are in phase in and out 
of harbours, whereas the oscillations associated with the peaked spectrum are notf. 


*This discrepancy of one hr was discovered before we were aware that the clock time at the two 
stations was in fact different. Upon subsequent inquiries it was found that the Mar Libre clock time 
was Greenwich minus 4 hr, whereas Puerto was Greenwich minus 3 hr, thus confirming our suspicions. 
It is not suggested that cross-spectral analysis be routinely employed to obtain clock corrections. 

+The reviewer, Dr. W. J. PieRSON, Jr., has kindly pointed out to us that on the basis of some 
of his unpublished work he finds that truly high coherences are quite drastically reduced if the cross- 
spectra vary rapidly as a function of frequency. Failure to align the records in proper time juxtaposi- 
tion may cause rapid variation in the cross-spectra at these high frequencies and could perhaps 
result in the poor coherences that were computed. This casts doubt on the computed coherences for 
periods short compared to the time displacements between the records, i.e., periods short compared 


to one hour or frequencies above 0:5 c.p.ks. 
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The principle object of the investigation was to derive information concerning 
the travel of long waves along the broad Argentinian shelf. In this sense the investiga- 
tion has proven a disappointment. The three promient low frequency peaks at Mar 
del Plata are not clearly reproduced at Quequen (Fic. 4(a)). This result perhaps 
merely reflects the fact that the width of the shelf changes by a factor of 2 between 
these two stations (Fic. 1). It is recognized that the problem of shelf seiches is a 
three-dimensional one, and the application of two dimensional theories is extremely 
doubtful. Nonetheless, we wish to make some order of magnitude calculations 
of observed vs. theoretical relations. The calculations in TABLE | refer to the three 
spectral peaks having significant coherence between Mar del Plata and Quequen. 
The third row in the Table lists our estimate of the phase lag at Mar del Plata relative 
to Quequen. The lag in degrees is converted to hours in the fourth row, and the 
travel velocity corresponding to this lag is listed in the fifth row. For comparison we 
have computed the phase velocity of an edge wave travelling over a shelf with a 
constant slope of 5 « 10-4 (LAMB, 1945, p. 447). A comparison between the figures 
in row 5 and 6 shows that the predicted velocity for edge waves are low by two orders 
of magnitude. 


Table \. Velocity of propagation calculated from the phase difference between 
Quequen and Mar del Plata compared with that predicted by edge wave theory. 


Frequency of spectral peak, c.p.ks. 0:20 0:34 0-6 (?) 
Period of spectral peak, hours 1-39 0-82 0-46 
Phase difference, *degrees 20 | 130 280 
Phase difference, hours 0-087 | 0-30 0-36 


distance | 1420 414 345 


Phase lag’ 


Velocity 


Velocity from edge wave theory, tkm/hr | 14 | 8-3 | 4-7 


*Phase from Fig. 4 (a); Quequen leads Mar del Plata. 
**Distance Quequen to Mar del Plata 124 km. 
+Phase velocity for edge wave over shelf with slope 5 x 10-*, Lamp, 1945, p. 447. 


It is clear from the computations of TABLE | that an excitation over the continental 
shelf at Quequen could not reach Mar del Plata at the observed intervals if the energy 
were transmitted along the shelf as an edge wave. The evidence, for what it is worth, 
would rather indicate that a disturbance sets up a wide spread complex oscillation 
with some of the coupling taking place in deep water beyond the shelf. We have not 
attempted the prerequisite three-dimensional problem. 
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The relationships of sediments, life and water in a marine basin 


K. O. Emery and Josst HULSEMANN 
Allan Hancock Foundation, University of Southern California 


(Received 19 January, 1961) 


Abstract—Benthic animals are essentially absent at the deepest part of Santa Barbara Basin where 
the oxygen content of the bottom water is very low and where hydrogen sulphide is present in surface 
layers of the sediments. Past periods of similarly barren seafloor in the area are recorded by the 
presence of laminated sediments in cores. These periods are alternated with others when benthic 
megafauna was sufficiently abundant to mix and homogenize the sediments. The presence or 
absence of benthic megafauna in the basin appears to be controlled by small differences in the content 
of oxygen in bottom waters. It is inferred that periodically oxygen contents greater than 0-1 ml/I 
result from the inflow of larger than ordinary quantities of new basin water, which in turn is permitted 
by greater than normal mixing of basin waters by standing internal waves. 


Zusammenfassung—Im tiefsten Teil des Santa Barbara Basin, einem Meeresbecken vor der kalifor- 
nischen Kiiste, fehlen benthonisch lebende Organismen nahezu vollstandig. Der Gehalt an freiem 
Sauerstoff ist hier sehr gering, Schwefelwasserstoff ist bereits in den obersten Lagen des Sediments 
vorhanden. Feinschichtungsserien in Kernen zeigen, dass in der Vergangenheit ahnliche organis- 
menarme Perioden auftraten. Diese wechselten mit solchen, in denen das Bodenleben stark genug 
war, um das Sediment zu durchmischen und zu homogenisieren. Die An- oder Abwesenheit einer 
benthonischen Megafauna in diesem Becken scheint durch geringe Schwankungen im Gehalt an 
Sauerstoff im Bodenwasser bestimmt zu werden. Es wird angenommen, dass periodisch Sauerstoff- 
betrage auftreten, die grésser als 0,1 ml/l sind und von grésserem als dem normalen Beckenwasser- 
Zufluss herriihren. Dieser k6nnte zustande kommen durch gesteigerte Mischung aufgrund stehender 
interner Wellen. 


INTRODUCTION 


SINCE 1937 and especially since 1949 the submarine area off southern California has 
undergone intensive investigation (EMERY, 1960a). Throughout the investigation it 
was evident that many of the problems of the region could best be solved by applying 
techniques and thinking derived from more than one of the major fields of oceano- 
graphy, geology, biology, chemistry and physics of the ocean. The application of all 
fields of oceanography to a specific problem is illustrated by a study of the replenish- 
ment of water in one of the basins off the coast of California, Santa Barbara Basin 
(Fic. 1). Each field provides a different means of learning something about the 
frequency, extent, and cause of replenishment of the water. The methods used for this 
one basin may be applied to other present or ancient basins elsewhere in the world. 


GEOLOGICAL ASPECTS 


Geological information bearing on the problem of water replenishment in Santa 
Barbara Basin belongs to two categories, topography and sediments. 

The side slopes of the basin bordering the mainland shelf to the north are gentler 
than those of other basins of the region and are uncut by submarine canyons; only 
a few small sea-gullies incise the slope. A steeper slope separates the basin from the 
shelves of islands south of the basin. The western and eastern ends of the basin are 
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open, with the western end being the deeper (Fic. 1). Below the basin sill depth at 
475 metres is an area of 680 square kilometres. The maximum depth, 590 metres, 
occurs at the south side of the basin, far from the chief source of sediment, the 
mainland shelf to the north. Between 575 and 590 metres depth the bottom is ex- 
tremely flat, with an average slope of only | : 400, in contrast to an average slope of 
about | : 50 for the depth range between 475 and 550 metres. This concave topographic 
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Fig. 1. Contour map of Santa Barbara Basin off southern California. Depths are shown by 

contours in metres. The position of the maximum depth, 590 metres, is indicated as is the 

position of core 6681, which is logged in Fig. 2, and hydrographic station 7189, data for which 
are given by Fig. 10. 


form is believed to have been produced by turbidity currents flowing down the northern 
basin slope and across most of the basin floor to build up basin aprons along the north, 
east, and west slopes of the basin. The basin aprons coalesce to form a flat basin 
plain below 550 metres in the south-central area, where the turbidity currents end 
(EMERY, 1960b). 

Sediments form a blanket deposit probably several thousand metres thick atop 
pre-basin Miocene bedrock. The surface sediments are reasonably uniform in grain 
size, 3 to 5 microns median diameter, and they consist of green muds. Detailed 
examination of cores from the basin floor by HULSEMANN and Emery (1961) showed 
that the sediments are highly stratified (FiG. 2). Prominent are layers of gray silt, 
usually graded, which can generally be correlated from core to core and are believed 
to be turbidity current deposits. The uniformity of the depths of these layers in 
different cores shows that the overall rate of deposition of sediments has been nearly 
uniform throughout the basin floor below about 525 metres. Supporting the core-to- 
core correlation of layers is a sound-reflecting layer discovered on several echograms 
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about 20 metres below the sediment surface and traceable for at least several kilo- 
metres across the basin floor. Radiocarbon measurements on a core near the deepest 
part of the basin (EMERY, 1960a, pp. 247-258) showed the over-all rate of deposition 
to be 90-0 mg/cm?/year, corresponding to an annual layer 2-0 mm thick having a 
water content of 65 per cent by wet weight. 


CORE 
SANTA BARBARA BASIN 
Lat. 34°17.5’ 
Long. 120°01.7” 
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Fig. 2. Log of core 6681. Symbols show depth distribution of laminated, disturbed laminated, 
homogeneous, and turbidity current layers. 


The most interesting of the sediment layers in the cores are those composed of 
many thin laminae alternately consisting of detrital silts and clays and of diatom 
frustules. These laminae evidently are annual deposits, reflecting the alternation of 
detrital silts and clays due to winter stream runoff and of diatoms produced during 
spring and summer blooms. Thicknesses of the laminae correspond with the average 
rate of deposition based upon radiocarbon age measurements. The number of pairs 
of laminae in the layers varies from one to 43, with a mean of probably less than three. 
Laminated layers are thickest and most frequent in the deepest part of the basin. 
Separating the layers of laminated sediment are others composed of homogeneous 
green sediment. In terms of grain size and contents of calcium carbonate and organic 
matter, the laminated and homogeneous layers are closely similar. The latter originated 
through stirring and mixing of earlier laminae and of contemporaneous deposits by 
benthic animals. Forming an intermediate step in the mixing are layers having 
disturbed and indefinite laminae. Support for the interpretation of organic mixing is 
the common presence of pelecypod and gastropod shells and of faecal pellets in the 
homogeneous layers. Preserved open borings in the homogeneous layers attest to 
the former presence of worms which had no hard parts to leave behind on their death. 
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Most of the layers of cach kind of sediment are thinner than | cm but some reach 
10cm and one exceeds 70 cm. 

The inference is made that the basin is inhospitable for larger benthic animals 
for periods of several years and then conditions change, permitting animals to become 
re-established and to live for a few years. Alternating layers of laminated and homo- 
geneous sediments result. Changes due to turbidity currents do not appear to control 
the environment for benthic animals, because a turbidity current deposit is as com- 
monly followed by a laminated layer as by a homogeneous one. 


BIOLOGY 


The surface of the ocean in the area of Santa Barbara Basin provides a classic 
example of upwelling by which cold waters from depth bring large supplies of nutrients 
up to within the euphotic zone. As a result, growth of phytoplankton and zoo- 
plankton is very intense in the top 60 metres of water. On death, the remains of these 
organisms sink through the water, largely to be eaten by scavengers. Nevertheless, 
the amount of organic matter which reaches the bottom and becomes buried is large, 
4.9 mg/cm?/year (EMERY, 1960a, p. 254), a rate of burial not exceeded in any of the 
thirteen other basins present off California. 

Ordinarily a large contribution of organic matter to the bottom of the ocean 
results in the development of a large population of benthic animals. However, 22 
large (0-18 m*; 0-6 m*) and well distributed samples of the bottom show little or no 
present benthic life at the greatest depths in the basin (FiG. 3 (a)). The samples shown 
as solid dots in the figure are exceptionally barren, with only a very few probably 
non-reproductive specimens of gastropods, pelecypods, and polychaete worms 
(HARTMAN and BARNARD, 1958, and unpublished data) comprising the megafauna. 
They occupy essentially the same area as that of surface sediments containing hydrogen 
sulphide. Samples shown as open circles from bottom depths near and particularly 
shallower than sill depth contain a scant to abundant fauna consisting mostly of 
several species of pelecypods, gastropods, polychaete worms, alcionarians, echinoids, 
asteroids and others. As shown by FIG. 3 (d), (e) and (f) there is a gradual decrease of 
biomass and number of species and specimens from sill depth (475 m) to about 
50 metres below it. At greater depth the bottom is at present highly impoverished. 

Foraminifera constitute the chief microfauna other than bacteria on the basin 
floor. In the deep and otherwise barren part of the basin the dominant forms are 
Bolivina seminuda and Suggrunda eckisi (HARMAN, 1960). Both species also dominate 
in the laminated layers of the cores, so it is evident that both are more tolerant of low 
oxygen concentrations than are the many other species normally present at the same 
depth, temperature, and salinity on the floor of the open sea. At shallower depths 
within the basin and also within the homogeneous layers of cores the dominant 
species of Foraminifera are Bolivina argentea and Loxostoma pseudobeyrichi, forms 
which evidently require somewhat larger oxygen concentrations than the two species 
previously mentioned. 

Only a few photographs of the bottom in this basin have been made (HULSEMANN 
and Emery, 1961); these exhibit some faint traces of animal activity, as though the 
bottom had formerly been inhabited. More certain evidence of a former great 
population is presented by abundant thin fragile shells of the pelecypod Macoma 
leptonoidea, particularly in the deepest parts of the basin (Fic. 3(b)). Only four 
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living specimens were found throughout the whole basin, all in sample 7190 near 
the western sill. Also indicative of former abundant life is the presence of great 
masses of faecal pellets. In the area below sill depth these are mostly ovoids 1-10 mm 
long and 0-65 mm in diameter. In some samples they constitute nearly 80 per cent 
of the total volume of mud (FiG. 3 (c)), forming a pellet sediment resembling those 
described by Moore (1933) and SCHAFER (1952) from other parts of the world. The 
pellets have the same shape and size as the intestinal contents of a capitellid polychaete 
worm Heteromastus filobranchus Berkeley, which was found as scattered individuals 
in many of the samples (Fic. 4). In the marginal area shallower than sill depth 
most faecal pellets are smaller, about 0°40 mm long and 0-20 mm in diameter, but 
they are of the same shape as the larger ones and were produced by another polychaete 
worm, Myriochele gracilis Hartman. Conditions during the past must have been 
such as to support peak populations of the worms throughout the entire basin. 

The biological sampling corroborates the core logs in showing that benthic life 
can be abundant at one time and virtually absent at another on the deep floor of Santa 
Barbara Basin. 


CHEMISTRY 


When the organic matter which is produced by phytoplankton in the euphotic zone 
sinks through the water column its constituents become partly decomposed and are 
returned to solution in the sea water. This decomposition continues even after the 
organic debris becomes buried in the sediment, but at a gradually decreasing rate as 
sources of oxygen and oxidizing materials become exhausted. As a result, the water 
column and the interstitial waters in the sediments should become depleted of dissolved 
oxygen and enriched in carbon dioxide, phosphate, and ammonia or nitrate. 

For the present study water samples were obtained in a grid throughout the entire 
Santa Barbara Basin using a specially devised sampler to cope with the known low 
concentrations of dissolved oxygen in the bottom water. This device (FIG. 5) not only 
collects a 225-ml water sample, but it serves as the container in which the oxygen is 
fixed for titration by the standard Winkler method. Reagents are added by merely 
slipping one of the ball valves to one side to allow introduction of a syringe. There is 
little contact of the water with air and thus less opportunity for oxygen to be picked 
up by the water sample than exists for water samples secured by transfer from Nansen 
bottles. Stirring of reagents is promoted by addition of glass beads at the same time 
as the reagents. Titration is accomplished on a 200-m! sample taken from the sampler 
after fixing is complete. Accuracy of the method is believed to be within 0-03 ml/I, 
on the basis of blank measurements, similarity of adjacent water samples, and trends 
exhibited by serial samples. 

Ordinarily during the survey a Nansen bottle was placed on the hydrographic 
cable 10 or 15 metres above the bottom weight, with another at such a position on 
the cable as to be tripped near the sill depth. Oxygen bottles were placed 6 metres 
above and below the bottom Nansen bottle and 6 metres below the top one for the 
February cruise and at 3-metre spacing for the August cruise (FIG. 6). 

Dissolved oxygen at the sill depth presents a complex pattern (FIG. 6 (a), (b)). 
In general, lower values were observed on the north side of the basin and greater 
ones on the south side. This does not necessarily mean that new supplies of oxygen 
were being brought into the basin from the south, but it may be only a consequence of 
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Fig. 4. Larger faecal pellets and the polychaete worm, Heteromastus filobranchus, which produced 

them. Pellets X 25, worms X 2. Note that bottom cut shows an anterior, a posterior, and an 

anterior end at left side; a few pellets (arrows) have spilled from the broken gut of the two lower 
specimens. 
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Fig. 5. Oxygen water sampler. This is a modification of the Frautschy water sampler and is 
designed to serve both as a collector of the water and as a container for chemically fixing the 
dissolved oxygen. Several samplers can be attached to the hydrographic cable in series and alter- 
nating with Nansen bottles or other devices. It is now manufactured by Hytech Co. Los Angeles. 
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sampling of water during the movement of a standing internal wave, as will bé discussed 
in the section on water movements. 

Near the floor of the basin oxygen was found to be of consistently lower concen- 
tration in the bottommost oxygen bottle than in the next higher one, with a mean 
difference for 28 sets of measurements of 0-06 ml/l. This gradient is about ten times 
as great as the mean gradient above these oxygen bottles, indicating local loss of 
oxygen to the bottom. Although different from earlier results obtained by RITTENBERG, 
EMERY and Orr (1955), the new lower measurements are more trustworthy, owing to 
their greater number and greater precision. In no instance in either set of measure- 
ments was hydrogen sulphide detected in the water by odour, nor was it found in 
several specific tests. Thus stagnation is less extreme than it is in the Cariaco Trench 
off Venezuela (RICHARDS and VACCARO, 1956). 

The average of the oxygen measurements in the two bottommost oxygen bottles 
was taken as the best value for the depth of the intervening Nansen bottle, where 
temperature, salinity, and nutrients were measured. As shown by Fic. 6 (c), (d), 
the lowest concentrations of oxygen near the bottom were found in the central, 
deepest part of the basin, both during the winter and the summer cruises. The reason 
for the slightly greater concentrations in summer than in winter is unknown. At the 
sides of the basin oxygen concentration decreases as bottom depth increases. Such 
a decrease may be ascribed to loss of dissolved free oxygen from the bottom water 
through reactions with organic matter on or in the bottom. Support for this conclusion 
is provided by a parallel increase with depth of phosphate ion (FIG. 7 (a)) measured 
during the winter cruise. Silicate ion (FiG. 7 (b)) also increases with depth; although 
not regenerated by oxidation, silicate characteristically accompanies phosphate and 
nitrate on their regeneration. 

The concentration of dissolved oxygen in the basin water near the bottom ts less 
than half the average concentration at sill depth (Fic. 6 (c), (d)). Evidently, organic 
matter has reduced the concentration of oxygen to about half that in a theoretically 
freshly refilled basin. If no replenishment were to occur, oxygen would be exhausted 
and stagnant oxygen-free waters would occupy the basin. However, conditions have 
remained more or less constant in the basin for at least the 23 years since oxygen first 
was measured in it. 

Decomposition of organic matter occurs in the sediments as well as in the overlying 
basin waters. The interstitial waters contain free dissolved oxygen when they are 
originally trapped in the sediment, but loss of oxygen by biological or abiological 
decomposition of organic matter must occur faster than gain of oxygen by diffusion and 
mixing from overlying waters. When the supply of free oxygen becomes exhausted, 
decomposition continues largely by anaerobic processes of which the bacterial reduc- 
tion of sulphate ion is most important, resulting in the release of hydrogen sulphide 
to the interstitial waters (KAPLAN and RITTENBERG, 1961). At bottom depths greater 
than 560 metres in Santa Barbara Basin hydrogen sulphide is present at the sediment 
surface or is only a few millimetres below it (FiG. 3 (a)). Its presence, or the absence 
of free oxygen, makes the area a difficult one for burrowing animals. Around the 
margin of this inhospitable area hydrogen sulphide occurs only at depth in the sedi- 
ments, as in other basins of the region. It is notable that the amount of oxygen 
available to anaerobic bacteria in the form of dissolved sulphate ion in the bottom 
waters of Santa Barbara Basin is about 15,000 times greater than the amount of 
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oxygen available to aerobic organisms as free dissolved gas. However, as long as 
more than traces of free oxygen remain, the large reserve of combined oxygen in 
sulphate ion cannot be used. 


20° 10° 120°00’ 
T 
Phosphate [mg A/\] 

15 m above the bottom 

February 1960 


T T 
Silicate [mg 

15m above the bottom 
February 1960 


Fig. 7. Distribution of dissolved phosphate and silicate in mg A/I. Data are for the winter 
cruise and are from near the bottom. Symbols are the same as for Fig. 6. 


Measurement of the rate of oxidation of organic matter offers an obvious approach 
for estimating the rate of replenishment of basin water. Computations by EMERY 
and RITTENBERG (1952) showed that the downward decrease in organic matter in the 
aerobic zone of sediment in Santa Catalina Basin would require the annual use of 
about 3-0 ml of free dissolved oxygen per cm? of sediment surface. This rate of use 
would exhaust the oxygen of sub-sill waters in less than three years. Since oxygen is 
present in the basin water in concentrations not much less than that in the water at 
sill depth, the basin water must be completely renewed in a period much shorter 
than three years. In Santa Barbara Basin this method cannot be applied, because 
nearly all decomposition of organic matter occurs in an anaerobic environment, 
as witnessed by the presence of hydrogen sulphide throughout the sediment, in 
spite of which there is a decreasing percentage of total organic matter to a depth 
of several] metres. A parallel calculation using sulphate ion as its basis is impractical 
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owing to high concentration of sulphate ion in the basin waters. Similarly, a com- 
putation based upon the amount of iron sulphides formed as an assumed end product 
of reduction of sulphate ion is inaccurate, owing to the presence of much apparently 
detrital pyrite as well as of other complications in the chemistry (KAPLAN, 1961). 
However, another method is provided by the nitrogen cycle in the sediments of Santa 
Barbara Basin. 

According to analyses published by RITTENBERG, EMERY and ORR (1955) and Orr, 
Emery and Grapy (1958) for two long cores from Santa Barbara Basin and other 
unpublished analyses, organic nitrogen in the non-turbidity current portion of the 
sediment decreases from about 0-340 per cent by dry weight near the sediment surface 
to 0-280 per cent at 350cm depth. At greater depths, at least to 500 cm, there is no 
significant further decrease. Other analyses showed that oxidation of the organic 
nitrogen in these sediments proceeds only to the stage of ammonia production, no 
nitrite or nitrate having been detected. Computations by RITTENBERG, EMERY and 
Orr (1955) showed that the decrease of total organic nitrogen in the top 400 cm of a 
| cm? column of sediment (2300 years’ accumulation) would have required an average 
annual production under steady-state conditions of 4-3 ,.g-atoms of ammonia. Of this- 
total, only 2-8 «g-atoms remains in the sediment, so at least 1-5 «g-atoms of ammonia 
must escape each year from each cm? of the sediment surface into overlying basin 
water. When fully oxidized, this ammonia would produce an annual increase of 
nitrate equalling the amount normally present in 45 cm’ of the basin water. In only 
20 years the nitrate content of all the basin water deeper than the sill would be in- 
creased 5 ug-atoms/l. Since the nitrate content of the basin water actually does not 
exceed the 40 yg-atoms/l concentration at sill depth by more than 5 »g-atoms/! 
(the limit of accuracy of analysis), the basin water must be completely replaced in a 
period shorter than 20 years. 


WATER MOVEMENTS 


Temperature and salinity were measured at Nansen bottles set on the cable 10 or 
15 metres above the bottom and at sill depth. Owing to drifting of the ship it was not 
always possible to determine bottom depth in advance of lowering the bottles accurately 
enough for the top bottle to be positioned exactly at sill depth. Nevertheless, the mean 
difference between the depth of the top bottle and sill depth (475 metres) was only 
3 metres for the 30 lowerings. Interpolation or extrapolation of temperature, salinity, 
and oxygen values to 475 metres was made according to the mean property-depth 
curve drawn through the measurement nearest the sill depth. Temperature was 
taken as the average of the corrected readings on paired reversing thermometers; 
the mean difference between pairs of thermometers was only 0-018°C. All thermo- 
meters were recalibrated a few weeks after completion of the surveys. Salinities were 
determined by chlorinity titration against Copenhagen standard sea water. 

The results for bottom temperature show lowest values (6-45°C) near the middle, 
deepest, part of the basin (FIG. 8 (c), (d)), except that during the February cruise a 
lower value of 6-39°C was found at the westernmost station, possibly indicating a 
mass of new water just entering the basin. At sill depth the temperature distribution 
was less regular (Fic. 8 (a), (b)). In February the highest temperature (6-63°C) 
at sill depth was near the middle of the basin, but in August, the lowest temperature 
(6:50°C) occupied the middle and western part of the basin. 
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Salinities show the same kind of distribution as temperature (Fic. 9). At the 
bottom during both cruises, the highest salinities (34-29%) occurred near the middle, 
deepest, area. At sill depth the distribution was irregular, with most variation 
(34-16 to 34-29%.) during the February cruise. 

The waters near the surface above Santa Barbara Basin are influenced by prevailing 
northwesterly winds blowing offshore and by the California Current as it flows 
southward past the west end of the basin. Both the wind and the current tend to 
remove the surface layers of water, the wind by blowing them away and the current 
by entraining them (Emery, 1960a, pp. 97-103). These lost waters are replaced by 
new waters which come largely from the east and partly from depths as great as 
300 metres. The new waters are colder, saltier, and richer in nutrients (nitrate, phos- 
phate, and silicate) than the original surface water; thus they can and do support a 
rich growth of phytoplankton. 

Below the surface water is a zone of transitional water perhaps about 200 metres 
thick which grades into basin water. Within Santa Barbara Basin, as within all the 
other basins off California, the water below sill depth enters across the sill. Thus 
the basin contains water which originally was of nearly the same temperature, salinity, 
oxygen, and nutrient content as that at sill depth. With the passage of time the water 
near the floor of the basin loses oxygen (FiG. 6) and gains nutrients (FIG. 7) owing 
to decomposition of organic matter in the sediments. Water near the sill depth 
within the basin undergoes mixing with the immediately overlying water, tending to 
raise its temperature and oxygen content and to lower its salinity and nutrient content. 
In spite of this mixing, the water in the basin below sill depth remains more nearly 
isothermal and isohaline than water of the same depth range in the open sea. The 
densities at sill and bottom depth are 1-02687 and 1-02689, neglecting pressure effects. 
The difference, 0-00002, is only one-fifth the density difference of water between the 
same depths in the open sea. 

Mixing can influence the oxygen content of bottom water in two ways. Firstly, 
mixing with immediately overlying water of higher oxygen content introduces oxygen 
directly. Secondly, since mixing with overlying water raises temperature and lowers 
salinity, the density of basin water may be decreased enough in time to allow the 
inflow of new water from the open sea, bringing new supplies of oxygen across the sill. 
If by either method new oxygen were introduced as fast as oxygen is lost by oxidation 
at the bottom and within the water, the basin could never become stagnant. Con- 
versely, if additions were unimportant compared to losses by oxidation, the dissolved 
oxygen would become exhausted in time and the basin water could not support 
benthic life. The depth of the sill of Santa Barbara Basin is within the depth of oxygen 
minimum of the open sea, so influx of new water cannot bring very large supplies 
of oxygen; moreover, mixing from above is a slow process. Accordingly, it is likely 
that Santa Barbara Basin is a borderline case with respect to support of benthic life. 
Since oxygen renewal depends upon the bringing of new waters from above or over 
the sill, it is important to consider how this mixing can occur. 

The basin water cannot be forced out by deep currents because of the shielding 
effect of the basin walls. Mixing by surface waves cannot occur because the sill is 
much deeper than half the wave length, the depth at which wave motion becomes 
negligible. Replacement of basin water by surface water made very dense by freezing 
or high evaporation (as in Baffin Bay and the Red Sea) cannot occur because of the 
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mildness of the climate. The only process which seems to be capable of mixing the 
waters which fill the basin below sill depth with waters which immediately overlie 
the sill depth is standing internal waves. Such waves were observed by repeated 
temperature measurements in the Santa Catalina Basin in 1955 (Emery, 1960a, 
pp. 126-129), and they probably are the cause of currents as great as 15 cm/sec 
which were measured independently near the centre of several basins. 

On November 5 and 6 a 24-hour station was occupied near the eastern end of 
the basin (Fics. 1, 10). Half-hourly temperature measurements by bathythermograph 
checked against thermometer measurements of surface water samples in buckets 
show a probable tidal period at depths of 30 and 60 metres. Similar results were 
obtained during another 24-hour bathythermograph study near the same position 
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Fig. 10. Variation of temperature and oxygen content at several depths during a 24-hour study 

at station 7189 of Fig. 1. Temperatures at surface are by thermometer measurement of a bucket 

sample, those at 30 and 60 metres by bathythermograph, and those at 375 metres by paired 

reversing thermometers. Oxygen contents were based on measurements with oxygen bottles 
of Fig. 5 placed 3 metres above and below the 375-metre Nansen bottle. 


on August 10 and 11, 1960. Hourly measurements of temperature at 375 metres 
were also made using reversing thermometers. During 12 of these casts the wire 
angle was 5° or less, but in six others the angle was 20° and in one, 25°. At 375 metres 
the 20° angle should cause the instruments to be about 20 metres too shallow. Con- 
sidering the temperature gradients, these too shallow depths should have yielded 
temperatures too high by 0-15°. Since this error is only about one-fourth the range 
of variation, it is likely that an internal wave at 375 metres is exhibited by Fic. 10. 
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The figure also shows that the oxygen content of the water at depth roughly parallels 
the temperature, increasing as temperature increased. 


CONCLUSIONS 


Santa Barbara Basin is unique among the basins off California because of the 
presence of hydrogen sulphide in the interstitial waters of its surface sediments. 
This hydrogen sulphide occurs in a deep area of essentially dead bottom where only 
scattered non-reproductive benthic animals have been found. The shallower bottom 
surrounding the dead area has a moderate to large population of animals dominated 
by polychaete worms. Throughout the basin, but particularly in the dead area are 
empty shells of a pelecypod, Macoma leptonoidea, and layers of sediment near the 
surface consist largely or entirely of the faecal pellets of the polychaete worms, 
Heteromastus filobranchus and Myriochele gracilis. Thus the present dead area was 
heavily populated probably only a few decades ago. Similar alternations between 
periods of barren and periods of populous bottoms are recorded by long cores of 
bottom sediments. These reveal layers composed of annual laminae (detrital silts 
and clays from wintertime runoff alternating with diatomaceous silts and clays from 
springtime diatom blooms) interbedded with layers of homogeneous silts and clays. 
The laminated, or varved, layers are concentrated in the deepest part of the basin 
where dissolved oxygen and living benthic animals are least abundant; during the 
past they could have accumulated only when bottom-living animals were essentially 
absent. The homogeneous layers were formed by stirring activities of benthic animals 
during times of their greater abundance; these sediments contain faecal pellets and 
shells. 

The basin sill is within the zone of oxygen minimum of the open sea; yet, at present 
the bottom water contains less than 0-1 ml/l of dissolved oxygen, or less than one- 
half of the low concentration at sill depth. Comparison of Fic. 6 (c), (d) with 
Fic. 3 (a), (b) shows that at the existing concentrations of oxygen in bottom waters 
of less than about 0-1 ml/I, benthic megafauna are essentially absent. At concentrations 
greater than about 0-3 ml/I oxygen no longer appears to be limiting, but the abundance 
of benthic life is variable and must depend upon other factors. Consequently, we may 
surmise that layers of laminated sediment in the cores were preserved in former 
times when the oxygen content of the bottom water was less than 0-1 ml/I. 

When the oxygen content of bottom waters is too small to support benthic 
megafauna it is also too small to diffuse in quantity into the surface layers of sediment. 
As a result, organic matter in the sediments is oxidized chiefly by anaerobic bacteria 
which thereupon liberate hydrogen sulphide to the interstitial waters. 

During the past two decades the oxygen content of the basin waters has been 
low but has never been absent nor has hydrogen sulphide been present. Mixing by 
internal waves may at present bring new supplies of dissolved free oxygen just rapidly 
enough to balance losses of oxygen from the water by oxidation of organic matter. 
If, during the past, mixing were less intense, the basin water could have contained 
hydrogen sulphide. If, at other times during the past, mixing were more intense than 
now, the bottom water could have contained a higher concentration of dissolved 
free oxygen than now, benthic life could have flourished and the surface sediments 
could have contained oxygen rather than hydrogen sulphide. The effect of this 
mixing by internal waves is to introduce new water with new supplies of oxygen 
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from shallower depths around the margin of the basin or from the open sea through 
the basin sill. Thus the fossil record, as exhibited by core samples, shows fluctuations 
in the kind of sediment and in the amount of benthic life which may be ascribed 
to fluctuations in the amount of dissolved free oxygen in the basin waters and thence 
to possible fluctuations in activity of standing internal waves in the basin. 

A comparison with other similar environments is of interest. On the present sea 
floor similar sediments, laminated and with hydrogen sulphide in the interstitial 
waters, occur within basins of the Gulf of California (BYRNE and Emery, 1960). 
Little, however, is known of the rate and nature of water replenishment or of the 
benthic fauna in these basins. Fossil basins are far less well known, and inferences 
can be drawn only from the record of sedimentary rocks and their contained fossils. 
In California the Valmonte, Malaga, and Sisquok formations of the Miocene Monterey 
series appear to be similar to the laminated, homogeneous, and turbidity current 
layers in Santa Barbara Basin. Foraminferal zones and details of stratigraphy vary 
from area to area (ORVILLE L. BANDy, personal communication), indicating accumu- 
lation of the sediments in several largely isolated basins. Older sedimentary rocks 
of similar facies occur in the Kreyenhagen shale of Eocene age and the Moreno shale 
of Cretaceous-Eocene age, both formations occurring in the Central Valley of California. 
Accordingly, measurement of the depositional environments in the present Santa 
Barbara Basin serves to illustrate the probable manner of deposition of sediments in 
some other oxygen-poor basins at least as long ago as 75 million years. 
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Oxygene, phosphate et gaz carbonique total en Mer de Corail 
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Abstract—In the Coral Sea, the correlations between the apparent oxygen utilization and the inor- 
ganic phosphate concentration on one side, the total carbon dioxide concentration on the other side, 
are significant. The regression curve of total carbon dioxide on apparent oxygen utilization is a straight 
line; the ratio atom by atom A.O.U./C. is close to 1/1 which is half of the theoretical value. The 
regression of inorganic phosphate on A.O.U. does not seem to be best represented by a straight line 
and the ratio A.O.U./P. which is smaller than 180/1 varies with depth. A possible explanation of 
this anomaly is found in a slight difference between the composition of the oxidizable organic matter 
and that of the basic molecule of carbohydrate which is considered to be the first step in the photo- 
synthetic process; for instance the percentage of hydrogen could be smaller and the phosphorus 
concentration at 1000 m triple of that near the surface. Further computations show that the equatorial 
waters of the Pacific do not contain any preformed phosphate and that the organic matter which is 
synthesized in the eastern Pacific must be rich in nitrogen. 


INTRODUCTION 


CERTAINS des mécanismes intervenant dans la répartition de l’oxygéne dissous dans 
l'eau de mer jouent également un réle en ce qui concerne d'autres éléments, et en 
particulier les sels nutritifs tels que le phosphate, le nitrate et le gaz carbonique 
total. RICHARDS (1957a), passant en revue les différents modes d’enrichissement 
et d’appauvrissement de l’eau de mer en oxygéne, rappelle que parmi les premiers 
on trouve essentiellement l’absorption d’air a travers la surface de la mer et la photo- 
synthése; les seconds comprennent le dégagement d’air dans |’atmosphére, la respira- 
tion animale et végétale et l’oxydation bactérienne, chimique et enzymatique. C’est 
la circulation des masses d'eau qui, accompagnée de diffusions turbulentes verticales 
et horizontales, assure ensuite la répartition de ce gaz dans les différentes couches de 
la mer. Seules la photosynthése, la respiration et les différentes oxydations agissent 
sur les teneurs en sels nutritifs et l'étude des modifications de celles-ci doit nous 
permettre dans certains cas de jeter quelque lumiére sur celles-la. 

Lorsque l’on cherche a relier la concentration en oxygéne dissous a celle des 
principaux sels nutritifs, l’on fait appel de préférence 4 ce que REDFIELD (1942) 
appelle l'utilisation apparente de l’oxygéne (U.A.O.) qui represente la différence 
entre la teneur a saturation et la teneur réelle. L’on admet que, sous la profondeur 
de compensation que |’on définit comme le niveau a partir duquel la consommation 
par oxydation et respiration excéde la production photosynthétique, le déficit en 
oxygéne est essentiellement di aux mécanismes d’oxydation de la matiére organique. 
Ces derniers, qu’'ils soient des processus bactériens, chimiques ou enzymatiques, 
conduisent 4 la mise en solution, sous forme de sels minéraux, des éléments les plus 
abondants entrant dans la constitution des molécules du protoplasme; c’est ainsi que, 
sous la couche euphotique, se régénérent les sels nutritifs utilisés par la photosynthése 
dans les couches supérieures de la mer. Ces remises en solution étant aux différentes 
oxydations ce que l’extraction de ces mémes sels est 4 la photosynthése, il doit exister 
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une corrélation significative entre les quantités d’oxygéne consommé ou produit et 
de sels nutritifs recréés ou extraits. Comme la couche euphotique peut étre le siége 
d’échanges assez importants avec l’atmosphére, ce qui modifie totalement la réparti- 
tion de l’oxygéne, de telles corrélations, si elles existent, seront beaucoup plus nettes 
aux profondeurs supérieures 4 celle de compensation, a partir du niveau ow le déficit 
en oxygéne est positif. 

De nombreux auteurs ont abordé le probléme sous cet angle et ont obtenu des 
rapports entre les concentrations des atomes de carbone, phosphore, azote et oxygéne, 
dans l’eau de mer et dans les organismes vivants, qui, s’ils different légerement selon 
les chercheurs ou le matériel étudié, n’en prouvent pas moins l’existence de liaisons 
statistiquement significatives. RICHARDS et VACCARO (1956) et RICHARDS (1957a; 
1957b) ont fait la synthése de nos connaissances actuelles en ce domaine. II ne semble 
pas inutile, pour éclairer ce qui va suivre, de reprendre succinctement l’essentiel de 
ces données. 

C’est REDFIELD (1934) qui a publié les premiers résultats des analyses globales 
du plancton et des déterminations du rapport qui lie dans l’eau de mer l’oxygéne 
consommé au phosphore, azote et gaz carbonique remis en solution; le rapport 
atome a atome O/C/N/P y était égal a 239/140/20/1*. Ces chiffres sont quelque peu 
anormaux; en effet la réaction de base de la synthése des hydrates de carbone implique 
la fixation d’une molécule de gaz carbonique par molécule d’oxygeéne libéré; le rapport 
O/C devrait étre théoriquement égal 4 2/1; c’est ce qu’ont montré SARGENT et 
HINDMAN (1943) dans l'étude in vitro de la période photosynthétique active ot le 
nombre de molécules de CO, absorbé et d’oxygéne produit est sensiblement le méme; 
d’autre part, comme GILSON (1937) l’a fait remarquer, il faut tenir compte de l’oxygéne 
nécessaire a l’oxydation des composés nitrés, ce qui pourrait augmenter le rapport 
O/C de 20°, environ; enfin, il faut corriger les valeurs de la teneur en phosphate de 
l’effet de sel dont REDFIELD n’avait pas tenu compte (Cooper 1938). Toutes les 
remarques précédentes conduisent 4 une composition du plancton telle que C/N/P 
est égal 4 105/15/1 et que U.A.O./C/N/P devient 210/105/15/1 si l’on ne tient pas 
compte de l’oxygéne nécessaire a l’oxydation des composés nitrés et 270/105/15/1 
si l’on en tient compte. Les analyses d’eau de mer de REDFIELD ont donné un rapport 
U.A.O./N/P égal a 180/15/1; il est trés different du rapport théorique puisqu’on 
y constate un déficit de prés de 90 atomes d’oxygeéne. 

FLEMING (1940) analysant du plancton du Pacifique a trouvé 106/16/1 pour 
C/N/P, d’ot l'on tire U.A.O./C/N/P égal a 212/106/16/1 si l'on ne tient pas compte 
de l’oxydation de l’azote et 4 276/106/16/1 si l'on en tient compte (SvERDRUP 1942). 

Enfin, RICHARDS et VACCARO ont mesuré que dans les eaux anaerobies de la 
fosse Cariaco U.A.O./N/P est égal a 235/15/1, cependant que RILEY (1951) a montré 
qu’en Atlantique il varie avec la profondeur, qu’il est grand au voisinage de la couche 
‘du minimum et qu’il atteint une valeur de 255/1 pour o, supérieur a 26,5. 

En mer de Corail, les études préliminaires de Rotscui (1959) ont indiqué que, 
pour deux crosiéres du navire de recherche Orsom I/II, les rapports U.A.O./P obtenus 
étaient respectivement 186/1 et 152/1, les rapports U.A.O/C étant voisins de 1/1. 
Le déficit en oxygéne consommé ainsi révélé est énorme. Néanmoins, une étude 
plus poussée des résultats de trois croisiéres (1960a) a confirmé les chiffres obtenus, 


*Le symbole 0 représente ici l’oxygéne consommé. Dans tout ce qui va suivre on utilisera U.A.O. 
pour désigner cette quantité. 
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tout en montrant qu’en zone équatoriale de |’Océan Pacifique U.A.O./P était signi- 
ficativement plus élevé qu’en mer de Corail, mais assez éloigné cependant de la 
valeur théorique maximum évoquée ci-dessus. Enfin, des croisiéres ultérieures de 
l’Orsom IIT (1960b) ont fourni des preuves supplémentaires de la différence fonda- 
mentale qui existe entre les eaux de la mer de Corail et celles de |’Atlantique puisque 
la crosiére ‘ Choiseul’ a révélé entre 20°S et 27°S le rapport U.A.O./P le plus bas 
qui ait été jamais mesuré, égal a 126/1 alors que dans toute la zone explorée U.A.O./C 
reste également trés petit. 

Tous ces chiffres ne s’intégrant qu’avec difficulté dans le schéma admis, il a paru 
utile et nécessaire de faire, 4 la lumiére des nombreuses recherches entreprises au 
cours des derniéres années et qui sont susceptibles de fournir d’excellents repéres, 
le point exact des résultats acquis jusqu’a présent. 


METHODES ANALYTIQUES 


Les méthodes analytiques employées seront décrites succinctement, dans le but 
essentiel de donner les niveaux de précision atteints au cours des analyses. 

La concentration en oxygéne est généralement déterminée a bord, par la méthode 
de WINKLER sur deux échantillons de 100 cc, l’empois d’amidon étant |’indicateur; 
on a montré (ROTSCHI ef a/., 1960) que la précision des analyses, au niveau de pro- 
babilité 0,05, était + 0,07 cc/1, ce qui est trés proche des estimations de STRICKLAND 
(1958). L’utilisation apparente de l’oxygéne a été calculée a partir de l’abaque établi 
par RICHARDS et CorwWIN (1956) qui tient compte des récentes déterminations de la 
solubilité de l’oxygéne dans l’eau de mer par TRUESDALE, DOWNING et LOWDEN (1955). 

La teneur en phosphate est évaluée par la méthode bien connue de WOOSTER et 
RAKESTRAW dont la précision statistique au niveau 0,05, dans le mode opératoire 
adopté a bord de /’Orsom III, est +- 0,08 pat-g/l (ROTSCHI 1960c). 

La concentration en gaz carbonique total a été calculée a partir des mesures de 
PH et d’alcalinité totale faites a l’aide d'un pH métre Beckman modeéle G; on déter- 
mine celle-ci par la méthode d’ANDERSON et ROBINSON (1946). Les calculs de con- 
centration sont faits d’aprés de mode opératoire préconisé par HARVEY (1957) ou 
mieux par STRICKLAND (1958) qui a utilisé la nouvelle valeur de la seconde constante 
de dissociation de l’acide carbonique déterminée par LYMAN (1957). Des évaluations 
de STRICKLAND, il apparait que la précision des déterminations de la teneur en gaz 
carbonique est de l’ordre de 1%, soit + 0,02 mmole/I. 


CORRELATIONS EN MER DE CORAIL 


Les résultats que nous allons discuter ici portent sur quatre croisi¢res que 
!'Orsom III a effectuées de 1958 4 1960 dans le nord-est de la mer de Corail et le nord 
de la mer de Tasman, Fig. |. II s’agit des croisiéres * Astrolabe’ de Mai-Juin 1958, 

Boussole ’ de Novembre 1958, *‘ Choiseul’ de Mai 1959 et ‘ Dillon’ de Mai 1960, 
au cours desquelles les études ont porté jusqu’a la masse Antarctique intermédiaire 
vers 1000 m de profondeur. Pour chacune d’elle on a calculé la corrélation entre 
l'utilisation apparente de l’oxygéne et la concentration en phosphate d’une part, la 
teneur en gaz carbonique d’autre part, la premiére propriété étant prise comme 
variable indépendante. 
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Le Tableau | ot N est le nombre de couples utilisés pour les calculs, r le coefficient 
de corrélation obtenu, b,,, le coefficient de régression de PO,-P (exprimé en pat-g/l) 
en U.A.O. (exprimé en cc/l) et U.A.O./P le rapport par atomes de ces deux variables 
donne l’essentiel des résultats des calculs statistiques. 


HENRI ROTSCHI 


a Ar A 
4 
A 


CALEDONIE 


Astrolabe Choiseul 


+ Boussole 4 Dillon 
160° 170° 
Fig. 1. Croisiéres * Astrolabe,’ ‘ Boussole,’ ‘ Choiseul’ et * Dillon’ de l’Orsom 111. 


Tableau |. Corrélations globales oxygéne — phosphate 


N r byj/x U.A.O./P. 


0,903 0,479 186/1 
0,586 152/1 


Astrolabe 


0,959 


Boussole 
Choiseul 236 0,969 0,710 126/1 


Dillon 131 0,966 0,664 135/1 


Les corrélations obtenues sont toutes statistiquement significatives; néanmoins, 
si les coefficients de corrélation des trois derniéres croisiéres sont sensiblement les 
mémes, celui de la premiére en différe queique peu. On rencontre également une 
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caractéristique de cet ordre en zone équatoriale du Pacifique et il est possible de lui 
attribuer une signification saisonniére (ROTSCHI 1960a). 

Le calcul montre que les quatre coefficients de régression sont hautement signi- 
ficatifs; leurs différences le sont également. Nous obtenons donc plusieurs valeurs 
du rapport U.A.O./P dont chacune est aussi représentative que les autres de la relation 
qui existe entre ces deux variables, et qui sont toutes basses. 


Astrolabe Boussole 


Choiseul Dillon 
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2.0 U.A.O. mi/1 2.0 


Fig. 2. Diagrammes de dispersion U.A.O. — PO,—P des quatre crosiéres de /’Orsom III. Equiva- 
lence selon REDFIELD; . . . . Equivalence selon SVERDRUP. 


- 
3 
- 20 $ oe 
e 
. . j 
e 
. . *y? . 3 
e 
pos 
= 
= 


186 HENRI ROTSCHI 


Cependant, les diagrammes de dispersion de ces quatre croisiéres, Fig. 2, indiquent 
que les utilisations apparentes de l’oxygéne les plus faibles, inférieures 4 1,20 cc/I 
environ, peuvent étre liées 4 la concentration en phosphate par une corrélation différente 
de celle qui est applicable aux U.A.O. plus élevées; la méme remarque s’applique, 
surtout pour les trois derniéres croisiéres, avec 2,00 cc/] comme limite de U.A.O. 

Les corrélations obtenues en tenant compte de ces groupements possibles sont 
toutes significatives. Mais les coefficients de régression, donc les rapports U.A.O./P 
varient beaucoup d’un groupement a l'autre, sans qu’il soit possible de décider laquelle 
de ces analyses est biochimiquement plus représentative, méme si leurs significations 
statistiques sont légérement différentes. 

Il existe d’ailleurs une autre interprétation de ces corrélations. Elle apparait 
figures 3 et 4 dans lesquelles les diagrammes de dispersion des croisiéres ‘ Astrolabe ’ 
et ‘ Choiseul ’ ont été construits en coordonnées semi-logarithmiques. On y remarque 
en effet deux groupements quasi-linéraires, la rupture de pente-se produisant pour 
une valeur de U.A.O. voisine de 2,00 cc/1. Les deux autres croisiéres donnent des 
diagrammes similaires. 

Le Tableau 2 résume les résultats des calculs de régression en coordonnées semi- 
logarithmiques pour les valeurs de U.A.O. inférieures 4 2,00 cc/1 d’une part et 
supérieures 4 2,00 cc/1 d’autre part. 

Tableau 2. Corrélations oxygéne — phosphate en coordonnées semi-logarithmiques 


| 


| Astrolabe Boussole Choiseul Dillon* 


U.A.O. | U.AO. | UAO. | UAO. | UAO. | UAO. 
<200 +200 <200 | > 2,00 


196 40 87 44 
0,662 0,948 0,601 0,943 0,853 


0,538 0,951 
0.282 0,236 0.982 0,291 0,807 0,360 


*La rupture de pente pour cette croisiére se produit pour une valeur de U.A.O. plus proche de 
2,20 cc/l que de 2,00 cc/l. Si c’est cette valeur que l’on prend comme limite de groupement les r 
deviennent respectivement 0,952 au lieu de 0,943 et 0,818 au lieu de 0,853; les 6 donnent 0,802 et 
0,299 au lieu de 0,807 et 0,360. 


Du point de vue statistique, ces corrélations sont plus significatives que celles 
rencontrées en coordonnées arithmétiques pour les données groupées de la méme 
maniére, au moins en ce qui concerne les déficits en oxygene inférieurs 4 2,00 cc/I. 
Par contre, il n’y a pas de différence entre elles et les corrélations globales; tout au plus 
pourrait-on démontrer que des régressions linéaires sont plus représentatives des 
dispersions en coordonnées semi-logarithmiques qu’en coordonnées arithmétiques. 
Mais la rupture de pente au niveau de U.A.O. 2,00 cc/I est frappante puisque pour 
les quatre croisiéres la pente de la droite de régression pour les plus petites valeurs 
de U.A.O. est 2 a 4 fois plus grande que celle trouvée pour les valeurs plus élevées. 

Rappelons qu’en mer de Corail l'utilisation apparente de l’oxygéne se comporte 
comme une propriété conservative et que la relation U.A.O. — T° C, spécifique des 
masses d’eau de cette mer, est représentée par deux droites, la rupture de pente se 
produisant au niveau thermique de 6° C correspondant a une U.A.O. de 2,00 cc/1 


(RoTSCHI 1960b). 


mes 
| U.A.O. | U.A.O. | 
< 2,00 2,00 
N | 264 18 | 194 
r 0,915 
by x 1,290 
— 
| 
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Le probléme de la liaison entre |’oxygéne et le gaz carbonique total est beaucoup 
plus simple. On trouvera Fig. 5 le diagramme de dispersion de la teneur en CO, 
total en fonction de U.A.O. pour les quatre croisiéres précitées. L’ arrangement est 
linéaire, la dispersion des points autour de la droite moyenne de régression variant 
selon la croisiére. C’est ce qui apparait dans le Tableau 3 qui présente le sommaire 
des calculs de régressions du gaz carbonique total (exprimé en millimole par litre) 
en U.A.O. (exprimé en cc/1) entrepris sur les données de ces croisiéres. 


Astrolabe 


2.0 3.0 UA.O 


L 
1.0 
Fig. 3. Diagramme de dispersion U.A.O. — log PO,-P pour la croisiére ‘ Astrolabe.’ 


Tableau 3. Corrélations oxygéne — gaz carbonique total 


Astrolabe 


Boussole 


Choiseul 


Dillon 


Les corrélations sont significatives; mais contrairement a ce que l’on a trouvé 
en ce qui concerne le phosphate, la régression est sensiblement la méme pour les 
quatre croisiéres puisque les coefficients ne sont pas significativement différents. 
Le rapport par atome du carbone produit et de l’oxygéne consommé est le méme, 
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N r byjx | U.A.O./C. 
386 0,847 0,075 1,2/1 
278 0,942 0,075 1,2/1 
| 234 0,913 0,078 1,1/1 
193 0,939 0,079 1,i/1 
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trés voisin de 1/1. Pour le carbone comme pour le phosphate inorganique, il existe 
une différence notable entre le rapport théorique 2/1 avec 1’U.A.O. et le rapport 
réel. 


CORRELATIONS DANS D'AUTRES PARTIES DE L’OCEAN 


On a analysé de la méme maniére divers résultats provenant tant de |’Atlantique 
que du Pacifique. II s’agit, pour ceux-ci, des croisiéres 5, 8, 11, 31, 35 et 38 du 
H.M. Smith, faites en zone équatoriale du Pacifique (CROMWELL et AusTIN 1954, 
KING, AusTIN et Doty 1957, AusTIN 1957, WILSON et RINKEL 1957), des stations 
au sud de |’équateur de la croisiére ‘ Equapac’ du R.V. Stranger (AN. S.1.0. 1957) 
également en zone équatoriale mais plus a l’ouest, des croisiéres C.C.O.F.1. 4904, 
4905, 4907 de /’ Horizon, du Crest et du N.B. Scofield (RAKESTRAW, HORRER et WOOSTER 
1957) dans le Pacifique nord, le long de la céte californienne. 


PO, -P pat-9/! 


1 1 1 
3.0 U.A.O mi/I 


Fic. 4. Diagramme de dispersion U.A.O. — log PO,—-P pour la croisiére ‘Choiseul.’ 


En ce qui concerne |’ Atlantique, on a pris les données de la croisiére 16 du Crawford 
(METCALF 1958) sur la transversale le long de 40°N, 4a l’est de 41°W, de la croisiére 
22 du méme navire (METCALF 1960) sur la transversale le long de 24°S et de la croisiére 
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2 du Discovery (WORTHINGTON 1958). Malheureusement, la distribution du gaz 
carbonique n’ayant pas été déterminée, les études entreprises sur les résultats de ces 
croisiéres ont dd étre limitées a la relation entre l’oxygéne et le phosphate. 

Le Tableau 4 résume l’ensemble des calculs exécutés. 


Tableau 4. Corrélations oxygéne — phosphore dans le Pacifique et en Atlantique 


H.M. Smith § 


H.M. Smith 8 | 208/1 


H.M. Smith 11 


Pacifique 
équatorial H.M. Smith 31 
et tropical 


H.M. Smith 35 


H.M. Smith 38 


Stranger 


C.C.O.F.1. 4904 


Pacifique 
nord C.C.O.F.1. 4905 


C.C.O.F.1. 4907 


Crawford 22 


Atlantique | Discovery 


Crawford 16 * 148 


*Le calcul n’englobe que les valeurs de U.A.O. jusqu’au premier maximum. 


Toutes les corrélations obtenues sont hautement significatives et les régressions 
linéaires. Néanmoins, les croisiéres du H.M. Smith donnent des coefficients de 
corrélation différents bien qu’elles se soient déroulées a des latitudes similaires, entre 
20°N et 20°S; la dispersion autour de la droite de régression paraissant beaucoup 
plus grande a l’est qu’a l’ouest, on pourrait en conclure qu’un facteur géographique 
lié au régime des courants équatoriaux intervient. Un tel mécanisme apparait avec 
une grande netteté lorsque l'on suit l’évolution du coefficient de régression, ou mieux 
du rapport U.A.O./P, en fonction de la longitude; l’on constate que la plus faible 
valeur est celle de la croisi¢re du Stranger qui s’est déroulée entre 165° et 175°W, 
la plus forte étant fournie par la croisiére la plus orientale du H.M. Smith. 


Tableau 5. Rapport U.A.O./P en fonction de la longitude 


Croisiére | Stranger | H.M.S.8 | H.M.S.5 | H.M.S.35 | H.M.S. 11 | H.M.S. 38 | H.M.S. 31 


Longitude) 165—175°W 173°W 158-173°W | 135-160°W 150°W 110—150°W | 110-140°W 


U.A.O./P; 185/1 | 208/1 205/1 -215/1 233/1 236/1 328/1 


Le Tableau 5 montre clairement que le rapport U.A.O./P tend a diminuer de 
l’est vers l’ouest, c’est a dire, en zone équatoriale, dans le sens des courants équa- 
toriaux nord et sud. 


358 0,946 0,437 205/1 
167 0,944 0,383 233/1 
| 705 0,882 0,414 215/1 
| 409 0,843 0,379 236/1 
| 143 0,954 0,483 185/1 
349 0,982 0,401 222/1 
557 0,951 | 0406 | 220/1 
852 0,969 0,623 143/1 
631 0,980 0,525 170/1 
ve 
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Fig. 5. Diagrammes de dispersion U.A.O. — CO, total des quatre croisiéres de /’Orsom III. 
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Par contre, une étude détaillée des résultats de la croisiére 35 qui a traversé cing 
masses d’eau différentes montre qu’il n’est pas possible de dégager une relation nette 
entre la nature de ces masses et celle de la distribution relative de l’oxygéne et du 
phosphate. 

Enfin, les observations aux stations 22-34 de la croisiére du Stranger situées au 
sud de l’équateur, dans la masse appelée Pacifique équatorial (SvERDRUP 1942), 
et qui fournissent le rapport U.A.O./P le plus proche de celui des croisiéres de 
l’Orsom III, ne semblent pas devoir étre mieux interprétées par une courbe de régression 
exponentielle que par une droite. 

Les eaux du Pacifique nord le long de la céte californienne donnent, tout au 
moins pour les croisi¢res C.C.O.F.1. dont les résultats ont été analysés, des corréla- 
tions trés significatives, les régressions étant linéaires. Les rapports U.A.O./P calculés 
sont trés semblables; d’Avril, croisi¢re 4904 a Juillet crosiére 4907, on ne note aucune 
différence. 

Pour ce qui est des eaux de l’Atlantique, les corrélations obtenues sont également 
bonnes; cependant, pour les deux croisiéres en Atlantique nord, Crawford 16 et 
Discovery IT, les calculs ont da étre limités aux U.A.O. comprises entre zéro et le 
premier maximum, seules les stations a l’est de 41°W étant utilisées dans la premiére 
deux; les valeurs de U.A.O./P ne sont donc représentatives de la distribution de 
ces deux variables que jusque vers 900m environ. La croisiére Crawford 22 étant 
la plus méridionale et la 16 la plus septentrionale on voit que ce rapport qui est bas 
au sud de l’équateur augmente vers le nord tout en restant relativement petit. 


IMPLICATIONS BIOCHIMIQUES 


En mer de Corail, les eaux que l’on rencontre sous la couche euphotique et jusqu’a 
mille métres de profondeur ont donc des propriétés biochimiques totalement différentes 
de celles que l’on peut déduire de considérations théoriques basées sur les seules 
réactions accompagnant la photosynthése ou |’oxydation. 

Dans la mesure out le déficit en oxygéne est une évaluation de la quantité d’oxygéne 
consommeé, celle-ci ne représente que 50 pour cent environ de ce qu'elle devrait 
étre; en effet, les rapports U.A.O./P globaux sont compris entre 186/1 et 126/1 au 
lieu de 270/1 et les rapports U.A.O./C sont trés proches de 1/1 au lieu de 2/1. 

D’autre part, si la quantité de phosphore produit est une fonction exponentielle 
de U.A.O. pour les valeurs de cette variable inférieures 4 2,00 cc/1, le rapport U.A.O./P 
de chaque niveau décroit avec la profondeur ou, ce qui revient au méme, avec la 
quantité de phosphore déja produit; il passe en effet d’une valeur proche de 300/1 
pour U.A.O. voisine de zéro a une valeur peu différente de 100/1 pour U.A.O. égale 
a 2,00 ce/1. 

Deux explications au moins de ces caractéristiques sont possibles. En premier 
lieu, l'on peut admettre soit que le rapport théorique calculé par SvERDRUP (1942) 
est exact et traduit l'ensemble des mécanismes biochimiques, soit que c’est le postulat 
de REDFIELD qui est vrai. Da s le p emier cas l’équivalence est 1 cc 0, = 0,324 
pat-g PO,-P; dans le second, elle est, compte tenu de l’effet de sel, 1 cc 0, = 0,496 
pat-g PO,-P au lieu de 0,373 valeur utilisée par REDFIELD. Les droites représentant 
ces equivalences sont tracées sur les diagrammes de dispersion de la Fig. 2. La 
premiére indique que dans |’ensemble la teneur en phosphate préformé augmenterait 
avec la profondeur, la croisiére ‘ Astrolabe ’ donnant seule quelques valeurs négatives 
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de cette caractéristique; la seconde indique que, pour les U.A.O. faibles, la quantité 
de phosphate préformé diminuerait d’abord pour augmenter ensuite, des chiffres 
négatifs étant trouvés en grand nombre dans la croisiére ‘ Astrolabe’, en nombre 
plus réduit dans les autres et seulement pour des U.A.O. inférieures a 2,00 cc/1. 
Toutes deux permettent également de penser que si, dans la couche de transition 
limitée par le maximum et le minimum de salinité, la quantité de phosphate préformé 
augmente avec le déficit en oxygéne, la loi de variation peut aussi bien étre linéaire 
qu’exponentielle; elle serait par contre différente dans la masse Antarctique inter- 
médiaire qui est, rappelons-le, li¢ée 4 une U.A.O. supérieure a 2,00 cc/1, le phosphore 
préformé étant par exemple présent en quantité constante; celui-ci varierait alors 
selon une loi que ne serait qu’une traduction chimique des mécanismes de mélange 
conduisant a la formation de cette couche de transition. 

Cependant, cette hypothése en entraine une autre en ce qui concerne le gaz car- 
bonique : la quantité de carbone inorganique ‘ préformé’ qui est de l’ordre de 
2,00 mmole/| de gaz carbonique total, augm2nte avec la profondeur, cette variation 
étant une fonction linéaire de U.A.O. Pour l’ensemble des croisiéres de /’Orsom III 
une augmentation du deéficit en oxygéne de 4,00 cc/1 est accompagnée d’une appari- 
tion de CO, total d’environ 0,40 mmole/! dont la moitié seulement est imputable a 
l’oxydation, l’équivalence étant de | cc 0, = 0,045 mmole CO,. La masse Antarctique 
intermédiaire ne se distingue pas ici de la couche de transition. 

En résumé, dans cette perspective, les diagrammes de dispersion des Figs. 2 et 5 
ne traduisent pas la liaison entre l’oxygéne consommeé et le phosphore ou le carbone 
inorganiques produits par les réactions d’oxydation, mais la loi de variation des 
quantités ‘ préformées ’ de ces deux éléments en fonction de U.A.O. qui croit avec la 
profondeur. 

Dans le second cas, on peut admettre au contraire que ces diagrammes donnent 
effectivement une représentation graphique du rapport entre ce qui disparait et ce 
qui apparait sous la couche euphotique. Ils impliquent, d’une part que la composition 
de la mati¢re organique qui est oxydée est différente par les rapports par atomes 
O/C/N/P de celle qu’ont donné les analyses de REDFIELD et FLEMING entre autres, 
d’autre part que les mécanismes d’oxydation sont sélectifs vis 4 vis des molécules a 
oxyder. 

Par exemple, le rapport O/C dans la matiére organique étant égal a 1/1, C/H 
pourrait étre beaucoup plus grand, ce qui entrainerait une diminution de la consomma- 
tion d’oxygéne et une réduction de U.A.O./P dont la décroissance en fonction de la 
quantité de phosphore déja présent serait attribuable soit 4 une variation de la com- 
position de la matiére organique avec la profondeur, soit, ce qui revient au méme, 
a une sélectivité des réactions d’oxydation. Dans chacune de ces deux hypotheses, 
il est admis en effet que les molécules organiques oxydées les premiéres dans les 
couches supérieures de la mer ont une faible teneur en phosphore, les molécules les 
plus riches étant plus stables, et détruites seulement aux profondeurs plus grandes 
apres un séjour assez long dans l’eau de mer. Un tel mécanisme est possible puisque 
certains dérivés organiques de l’acide phosphorique sont trés facilement hydrolysa- 
bles; l’oxydation enzymatique et l’oxydation bactérienne pourraient donc jouer 
alternativement, la seconde attaquant les molécules que la premiére n’a pas détruites 
dans les couches supérieures de la mer, la stabilité de la matiére organique vis a vis de 
ces mécanismes de destruction étant directement fonction de sa tencur en phosphore 
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qui peut tripler de 200 m a 1000 m.  Enfin, STRICKLAND (1960) rappelle que le rapport 
C/P peut varier de 65/1 a 142/1. 


CONCLUSION 


Cette étude n’aurait eu sa signification compléte que s’il avait été possible d’y 
inclure les résultats de recherches portant : sur d’autres sels nutritifs et en particulier 
l’azote nitreux et nitrique, sur des eaux plus profondes et sur une gamme plus variée 
de latitudes; elle aurait pris la forme des recherches exemplaires de REDFIELD (1942) 
et de RICHARDS et VACCARO (1956). Malheureusement, le Pacifique sud dans son 
ensemble et la mer de Corail en particulier n’ont pas encore fait l’objet de travaux 
nombreux; de plus /’Orsom I/II, de par sa taille et son équipement, tout autant que 
le personnel scientifique embarqué a bord ou disponible a terre, imposent des limites 
sévéres aux travaux qui peuvent étre entrepris. Néanmoins, elle conduit a un certain 
nombre de conclusions qu’il est possible de résumer de la maniére suivante. 

En zone équatoriale du Pacifique la corrélation entre l'utilisation apparente de 
l’oxygéne et le phosphate est significative et peut étre représentée correctement par 
une droite de régression dont la pente est une fonction de la longitude, le rapport 
U.A.O./P variant de 328/1 dans le Pacifique oriental 4 185/1 au voisinage de 180°. 

Plus a l’ouest, en mer de Corail, on atteint des U.A.O./P particuliérement bas, 
mais qui, pris globalement, ne sont pas trés représentatifs; en effet, la courbe de 
régression jusqu’a U.A.O. 2,00 cce/I pourrait étre une fonction exponentielle de cette 
variable; on obtient une meilleure interprétation du diagramme en admettant que ce 
rapport varie de 300/1 environ vers la surface a prés de 100/1 vers 800 m de profondeur. 

Dans tout le centre du Pacifique équatorial U.A.O./P qui varie entre 208/1 et 
236/1 refléte assez bien la composition de la matiére organique telle qu’elle est 
définie par SverDRUP (1942); par contre, le chiffre trouvé pour la croisiére la plus 
orientale semble indiquer la présence d’une quantité relativement importante d’azote 
dans les produits de photosynthése du courant de Humbolt et de la partie orientale 
du courant équatorial sud. Pour ce qui est de la mer de Corail, les chiffres sont nette- 
ment inférieurs 4 ceux de REDFIELD (1934). Cela peut étre da soit a la présence en 
quantités augmentant avec la profondeur de phosphore préformé, soit a la variation 
avec la profondeur de la composition de la matiére organique tant en solution qu’en 
suspension. Compte tenu du fait que l’on a déja rencontré la possibilité d’une 
variation de composition en zone équatoriale et que le phosphore préformé ne s'est 
manifésté nulle part, il semble que la seconde hypothése est meilleure que la 
premiere. 

Les eaux californiennes donnent une U.A.O. peu différente de celle de SVERDRUP. 
Par contre, en Atlantique, la variation de ce rapport avec la latitude concorde bien 
avec l’analyse de REDFIELD; celle-ci indique que la concentration en phosphore 
préformé qui est relativement importante en Atlantique sud est pratiquement nulle en 
Atlantique nord. 

Les conclusions relatives 4 la composition de la matiére organique en mer de 
Corail sont confirmées par les valeurs du rapport U.A.O./C qui impliquent soit que 
la quantité de carbone inorganique préformé augmente avec la profondeur, soit que 
la composition des produits oxydables n’est pas un reflet exact de celle des hydrates 
de carbone, mais que le pourcentage d’hydrogéne y est plus bas. 
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En définitive, et bien que les concentrations relatives en U.A.O. phosphore et 
carbone inorganiques soient explicables par une seule hypothése lorsque l’on envisage 
le probléme sous l’angle de la nature des produits oxydés et par deux lorsque I’on fait 
appel aux sels nutritifs préformés, la variété des résultats prouve que ce domaine 
particulier de la biochimie de |’eau de mer n’a fait que s’entr’ouvrir aux recherches. 
Il faut orienter maintenant les travaux vers une étude détaillée de la composition de 
la matiére organique en solution et en suspension et de sa répartition conjointement 
avec une analyse fine des mécanismes de photosynthése et d’oxydation et des produits 
intermédiaires qui interviennent dans ce cycle; il faut suivre également de trés prés 
les taux de disparition des sels nutritifs dans la couche euphotique. C’est seulement 
a la lumiére de telles études qu'il sera possible de décrire avec quelque certitude 
certains des maillons essentiels de la chaine alimentaire dans la mer. 
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Sound-scattering spectra of deep scattering layers in the 
western North Atlantic Ocean* 


J. B. Hersey, RicHARD H. BACKus and JessicA HELLWIG 
(Received 8 March 1961) 


Abstract—Sound from small explosions has been used to study the frequency-dependent character- 
istics of deep scattering layers in three areas of the western North Atlantic Ocean. Layers show 
resonant properties, the scattered sound being most intense in a narrow frequency band. The scat- 
terers are presumed to be mainly the swimbladders of bathypelagic fishes. In layers peaking at 
frequencies above 5 kcps there is a systematic shift of peak frequency as layer depth changes during 
vertical migration. In two cases studied frequency changes as the 5/6th power of the hydrostatic 
pressure. This suggests that in these cases the swimbladder simply expanded and contracted with 
changing pressure. In a third case frequency changes as the 1/2 power of the pressure. This suggests 
that the fish maintained neutral buoyancy throughout the depth migration by absorbing gas from 
the swimbladder as necessary. Layers peaking near or below 5 kcps are poorly resolved in depth. 
In one instance a direct relationship between frequency and depth has been established, but not well 
enough to define the relationship quantitatively. Pronounced depth and frequency migration is found 
in layers south of New Englard and south of Nova Scotia. Back-scattering coefficients were found 
to lie between 64 and 81 db re M~! in a small number of computations. 


INTRODUCTION 


THE deep scattering layers of the open western North Atlantic Ocean have marked 
frequency-dependent sound-scattering properties (HERSEY, JOHNSON and DAVIS, 
1952). In deep water south of New England each layer shows a single resonant 
scattering peak. During depth migrations of the layers at sunset and dawn their 
resonant frequencies change in relation to their depth so as to suggest that the scatterers 
are fishes with swimbladders (HeRsry and Backus, 1954). Since the publication of 
the latter note we have made observations in several widely separated localities in 
the western North Atlantic which support in the main our original report. However, 
the additional data suggest that the relationship between frequency and depth of 
scatterer during migration is not the same for all layers, and that the scattering layer 
depths, intensities, and resonant frequencies vary from locality to locality. Recent 
observations not reported here indicate that some layers in other parts of the North 
Atlantic are not strongly peaked. 


2. METHODS 


The observations were made essentially as those reported by HERSEY, JOHNSON 
and Davis (1952). An explosive charge (one-half pound of TNT or two and one-half 
pounds of tetratol) fired at a depth of three feet or less is the sound source. Scattered 
sound is received by a directional transducer of the piston type located a few feet 
below the surface with its main lobe directed vertically downward. Two such trans- 
ducers have been used : the QBG, the projector-receiver of an early American naval 

*Contribution No. 1178 from the Woods Hole Oceanographic Institution, Woods Hole, 
Massachusetts. 
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(b) Directivity pattern of the QBG transducer at 27-5 keps. 
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Fig. | (a) Directivity pattern of the QBG transducer at 5 keps. 
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echo-ranging equipment, and the UQN-1B (Edo Corp., College Point, Long Island. 
N.Y.) now widely employed for deep-water echo-sounding. Typical directional and 
receiving response characteristics of these transducers are given in Fic. |. 
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Fig. | (c) Receiving response of the QBG transducer. 


The characteristics of the explosion as a sound source have not been completely 
described but ARons (1954) presents peak pressures and impulse, energy, and decay 
constant data for the shock waves from pentolite and TNT while ARONS, YENNIE 
and CorTTer (1949) discuss the shock-wave spectrum. Weston (1960) analyzes 
explosives as sound sources for underwater acoustics. 

Briefly the shock wave may be assumed to be an instantaneous pressure increase 
followed by an exponential decay such that 


p=pPye™ 
The shock-wave spectrum may be written 


27 Po 


) 
V 24 f? 


where p(f) is the pressure for a one-cycle band centred at the frequency of f. Both 
Po and A depend on the distance from the charge. Furthermore, in our experiments 
complications are introduced by placing the charge very close to the surface. Since 
neither class of effects greatly influences the results to be reported they are mentioned 
in passing. Values of py and A are given in TABLE | for distances representative of 
scattering-layer observations. Representative spectrum-level characteristics are 
shown in Fic. 2. 
Table | 


Distance lb. TNT 2°5 lb. Tetratol 


0 Po 
(dynes/cm?) (dynes/cm?) 


= 
= 4 = 
j 
-100 
— 
weg 
5 1 20 40 
Vol. 
8 
3 
4 
100 m 1:7 x 108 5-6 x 10° 3-4 x 108 3-55 x 108 * 
200 m 7-6 x 105 4:75 x 108 1-55 = 108 3-0 x 108 * 
300 m 4:75 x 105 4:35 x 108 9-7 x 10° 2:75 x 108 - 
a 400 m 3-4 = 10° 4:05 10° 69 x 108 2-6 x 103 
500 m 2-6 » 108 3-8 10° 5-2 x 105 2-4 x 108 
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VOLTAGE IN DB RE! VOLT 
FOR A SOUND FIELD OF ONE DYNE/CM* 
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FREQUENCY IN KC/S 
Receiving response of the Edo UQN-Ib transducer. 
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Spectrum level of energy flux density for a § lb charge of TNT, in db above one joule/m? 
in a band one cps wide at 100 yards. 


A functional block diagram of the recording and analyzing equipment is shown 
in Fic. 3. The receiving transducer feeds a broad-band amplifier and thence a mag- 
netic tape recorder. We have employed the * Suitcase ’ amplifier designed by WILLARD 
Dow (HERSEY, 1957) as preamplifier and either the Magnecord PT6J or Ampex 307 
direct tape-recorders. The scattered sound is analyzed by playing the magnetic tapes 
to a Kay Electric Company Sonagraph or Vibralyzer. These instruments (KOENIG, 
DUNN and Lacy, 1946) graphically present the spectrum of a transient sound against 
frequency and time as relative blackening of a spark-type paper (FIG. 4). For intensity 
measurements such a presentation is useful only qualitatively. For more quantitative 
analysis we have made use of the sharp marking threshold of the spark paper. The 
samples of scattered sound are analyzed again and again at various analyzer gain 
settings as required. The outline of the blackened areas of the resulting recordings 
then give contours of equal wave-analyzer response (see KOENIG and RUPPEL, 1948) 
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Fig. 4. Representative sound spectrogram of an observation made south of Nova Scotia. 

Tape was played at quarter-speed for full frequency range. The layer at 19 kcps and between 

150 and 200 metres is clearly visible. Note also the mid-frequency layer between 150 and 300 
metres. 
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Fig. 5. Contour maps of a sequence of five shots taken during a sunset migration at the times 

indicated. Contours of equal sound level are two db apart (lighter areas are higher level). The 

third shot in the sequence is the one represented in Fig. 4. Migration in depth and peak scattering 
frequency is evident. 
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Sourd-scattering spectra of deep scattering layers 


as in Fic. 5. In general the analyzer ‘ reproduce’ attenuation was increased by 
two- or four-db steps until there was virtually no blackening of the recording paper. 
The data are considerably smoothed and those shown in this paper have not been 
corrected for system response; hence they should not be understood as sound spectra. 
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Fig. 3. Block diagram of recording and analysis equipment. 


The response of a narrow filter to a short transient such as an explosive echo is 
generally longer than the echo. Hence, echoes from individuals or isolated groups are 
lumped together with others at nearly the same travel time. The response time of the 
filter, approximately the reciprocal of its bandwidth, is a measure of the prolongation. 
In our analyses filters having bandwidths of 20 to 200 cps have been used. Similarly, 
broad filters obscure details of the spectrum. Thus the smoothing process will tend 
to obscure complex relationships either in travel time or frequency domains. For 
instance, our narrowest filter, 20 cps wide, will just resolve two thin layers about 
40 metres apart. Our broadest filter, 200 cps wide, is comparable to the apparent 
width of even the narrowest frequency peaks found using narrower filters (see Fics. 
5 and 12). Thus our choice of filters does not limit resolution beyond the purposes 
of this investigation. 
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Sound spectra can be obtained by following the method of MACHLUP and HERSEY 
(1955), but for the study reported here we have relied principally on the uncorrected 
contour graphs. Such reliance is justified by the following argument : 

(1) The amplitude response of the preamplifier — magnetic tape recorder com- 
bination is nearly independent of frequency from about 100 cps to 15 keps for the 
Magnecord and from about 150 cps to 60 kcps for the Ampex. 

(2) These frequency limits more than embrace the regions over which the receiving 
transducer response gradually increases with frequency (see Fic. 1). 

(3) The spectrum of the explosion gradually decreases over this same frequency 
band (see FIG. 2). 

(4) Factors 2 and 3 counteract one another so that the overall system response 
varies little with frequency at the output of the tape recorder playback. 


3. RESULTS 

The data discussed here consist of six sets of observations from three areas (see 
index chart, FiG. 6). In Area A observations were made for one hour during a sunset 
migration in August 1954; in Area B for two hours during sunrise migrations in 
August 1953 and for two and one-half hours at sunrise in July 1954; and in Area C 
for one hour at sunset in March 1954, for three and one-half hours at sunset in April 
1956 and for two hours at sunrise in April 1956. These examples are chosen from a 
larger body of data which, though variable in quality, corroborates the findings 
reported here. 
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Fig. 6. Geographical locations of observations under discussion. 


Contour maps of these observations (like FiG. 5) were examined for intensity peaks 
representing well-defined scattering layers. For each sequence of observations the 
depth and resonant frequency of these peaks were chosen. Choices were made both 
by studying individual shots and by looking for repeated evidence of layers throughout 
the sequences. In FiG. 7 the depth and frequency of intensity peaks for each area 
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are plotted against the time of observation relative to sunset or sunrise. Similar layers 
are similarly labelled. In the main we have found in each area three classes of layers 
which may be loosely described as * high-frequency ’ (about 20-24 keps), ‘ intermed- 
iate-frequency’ (about 8-I6keps), and ‘low-frequency’ (around 4kcps). The 
depth and frequency of the low-frequency layers are not included in Fic. 7 for reasons 
discussed below. 


High-frequency layers 

In Area A a high-frequency layer migrates up at sunset from 210 to 140 m. while 
frequency changes from 25 to 15 keps. Frequency varies as the 5/6th power of the 
depth (Fic. 8)* 

In Area B data from two years have been regarded as pertaining to a single layer 
which migrates in depth at sunrise from 80 to 340 m with an accompanying frequency 
shift from 8 to 24 keps (see Fic. 7b). In one year the observations were made with 
the UQN-IB as receiver and show a levelling-off of frequency at 15 kceps during the 
depth migration. The UQN-1B has a smooth receiving response up to about 15 keps 
only. Consequently frequency migration beyond this point cannot be observed in 
this sequence. (With such a receiver a layer would appear to remain, with lesser in- 
tensity, near 15 kcps even though it had actually migrated to a considerably higher 
frequency. Although the spectrum of scattered sound from such a layer is peaked, 
there is sufficient sound scattered at adjacent frequencies to give such an effect. See 
Fic. 5, 1846, where it is evident that the layer peaking at 22 kcps would still be clearly 
detectable through a narrow filter centred on 15 kcps). Computation of acoustic 
pressure and volume back-scattering coefficient for the two years’ data supports the 
conclusion that the two sets of data pertain to the same layer. In this ‘ compound 


layer,’ excluding those points recorded at the transducer’s upper limit of flat frequency 
response, frequency varies as the 5/6th power of the depth (Fic. 9). 

In Area C a layer was found between 100 and 150 m with frequency varying 
irregularly between 21 and 25 kcps. Neither depth nor frequency migration of this 
layer was observed. 


Intermediate frequency layers 


In Area A a single layer of intermediate frequency is found. At sunset it migrates 
from 305 to 100 m. Peak scattering frequency changes from 11 to 6 kcps. Frequency 
varies as the 1/2 power of the depth (Fic. 10). 

In Area B two layers have been classed as of intermediate frequency. Layer D 
migrates at dawn from 130 to 475m. There is no apparent frequency migration, 
frequency remaining constant at about 14-5 kcps throughout the depth migration. 
This sequence of observations was made using the UQN-1B as receiver. Remarks 
made earlier concerning this effect in connection with the high-frequency layer in 
this area also pertain here. Layer D was not observed when the QBG transducer 
with its broader high frequency response was used. Hence we cannot determine 
whether the layer was resonant or, if it was, how its peak frequency was altered 
during migration. 

*We are interested in the variation of frequency with pressure. Within the accuracy of our 
observations depth is an adequate approximation to pressure, provided 10 metres is added to the 


measured depth to take into account the weight of the atmosphere. Thus in Fics. 8, 9, 10 and 12 
the abscissa represents (D + 10) in metres on a logarithmic scale. 
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Fig. 8. Relationship of peak scattering frequency to pressure during migration of the high- 
frequency layer south of Nova Scotia. 
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Fig. 9. Relationship of peak scattering frequency to presssure during migration of the high- 
frequency layer south of New England. Points indicated by an x are those which were recorded 
at the upper limit of flat frequency response of the UQN-Ib. 
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Fig. 10. Relationship of peak scattering frequency to pressure during migration of the mid- 
frequency layer south of Nova Scotia. 
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Layer E also is designated as a layer of intermediate frequency in Area B. Not 
much can be said about this layer because it was so briefly observed. 

In Area C there are several layers of intermediate frequency. The layers C do 
not migrate in depth, and are strongly peaked at about 15 kcps throughout all the 
sequences of observations. Another layer (D) appears at the same depth as C during 
the day and at sunset moves rapidly to shallower depth (roughly from 500 m to 150 m); 
it has a broader frequency spectrum (less peaked) than C. It is difficult to say much 
about the frequency characteristics of this migratory layer, because it coincides in 
depth with the other layer (C) during the day, is not strongly peaked (it appears 
on our records to scatter sound significantly at least between 12 and 24 kcps) and may 
overlap still other scattering features near sunset and sunrise. 


Low-frequency layers 

In all areas reported upon here a low-frequency layer has been observed. It is 
typically strongly peaked in frequency (Fic. 11) in the range from 2-5 to 5 keps. 
Because our receivers are essentially omni-directional at frequencies of 5 kcps and 
below, such layers give the appearance of great thickness and diffuseness. MACHLUP 
and Hersey (1955) have shown that for an omni-directional receiver the intensity 
of sound scattered from a uniform layer of definite thickness falls off as for t~* for travel 
times exceeding the vertical sounding time of the lower boundary of the layer. Exam- 
ination of the variation of scattering intensity with travel time, for low-frequency 
layers, shows that the thickness of these is comparable to that of other layers (order 
of 100jm). 
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Fig. 11. A pressure spectrum level characteristic of the response of a representative low- 
frequency scattering layer. A curve of f+ is shown for comparison. 


Unfortunately we have been unable to describe the phenomenon of migration of 
these layers as precisely as we have done for those peaking at higher frequencies. 
First, the depth to their upper boundaries cannot be accurately picked. Secondly, 
our first analyses of these layers were carried out with a frequency scale so compressed 
as to obscure any frequency migration. Consequently it was at first believed that such 
layers showed neither depth nor frequency migration. We have re-examined the 
low-frequency layer in Area B with an expanded frequency scale and, though the 
difficulty of making the depth determination remains, it is clear that during the sunrise 


a 
VO 
1061 
| 
f* 7 
-25 
& 


Sound-scattering spectra of deep scattering layers 207 


period the layer migrates in depth from less than 200 m to about 440 m while frequency 
changes from 2-5 to 3-75 kcps (Fic. 12). 
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Fig. 12. Relationship of peak scattering frequency to pressure during migration of the low- 

frequency layer south of New England. Circles represent observations made during the sunrise 

migration. The dashed lines represent observations made at the same time for which only peak 

frequency can be clearly picked. The extent of the lines indicates the limits within which the top 

of the layer can occur. The crosses represent afternoon observations of the layer made on the 
same day. 


We have added to Fic. 12 the results of some observations of the layer made in 
the afternoon of the day on which the sunrise migration was observed. Together, these 
data confirm that, as in other layers showing frequency migration, frequency decreases 


as layer depth decreases. Lacking good depth resolution, however, we are unable 
to define quantitatively the frequency-depth relationship. It seems probable that the 
similar layers in Areas A and C will also exhibit frequency and depth changes in direct 
relationship when observations in these areas can be made with more directional 
receivers. In any event directionality comparable to that of the QBG transducer, 
say at 15 keps, will be needed at 2-5 kcps to make further progress with this problem. 


Volume back-scattering coefficients 

A small selection of observations was more closely analyzed for further information 
about the vertical distribution of scatterers. Tape recordings of these shots were played 
to an oscilloscope through narrow, constant band-width filters and photographed. 
Following the assumptions and method of analysis of MACHLUP and Hersey (1955), 
the echo intensity (function of time) was translated into volume scattering coefficient 
(function of depth: m(z)) at specified frequencies. Fic. 13 shows an example of 
m(z) plotted against time for a case where m is large in the layer compared with 
the surrounding volumes. Sampling included frequencies between 6 and 20-5 kcps. 
The peak values of m range from — 64 to — 81 dbre M~ (Fic. 14). 


4. DISCUSSION 


The single resonant peak is readily explained by the hypothesis that the scatterers 
are gas bubbles (probably the swimbladders of fishes) and the systematic shift in peak 
frequency which accompanies a migration of a layer in depth further supports this 
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hypothesis (HERSEY and BACKus, 1954). ANDERSON (1953), by lowering a spark 
source into scattering layers, judged from the phase relationship of direct pulse and 
echo that the chief scatterers were highly compressible and probably the swimbladders 
of fishes. As stated in the introduction, scattering from some layers appears not to 
exhibit a single frequency peak. Thus the swimbladder hypothesis will probably 
not serve to account for all deep scattering layers. 
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A representative graph of volume back-scattering coefficient, m (z), vs. elapsed time 
after shock wave. The observation is from Area C at sunset. 
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Volume back-scattering coefficient plotted against frequency for several observations 
from the areas discussed. 


Fig. 14. 


Small bathypelagic fishes with swimbladders had been proposed earlier as the likely 
source of deep scattering layers by MARSHALL (1951) because of their abundance, 
wide distribution, proper distribution in depth with accompanying vertical migra- 
tion and efficiency as scatterers of sound. Furthermore comparison of catches, made 
with efficient midwater nets, and sound-scattering records suggested that fishes 
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with swimbladders were important constituents of certain scattering layers (TUCKER, 
1951). 

In considering bathypelagic fishes with swimbladders as the sound scatterers the 
question has often been raised as to how the fish manages the swimbladder during 
the stress of the vertical migration. If the vessel merely expands and contracts with 
changing hydrostatic pressure it will be of limited use as an hydrostatic organ, the 
fish being at or close to neutral buoyancy in only a very limited part of its depth 
excursion. In such a case one wonders why the fish expensively maintains this structure 
rather than losing it as have many midwater fishes from strata of the ocean below 
the range of deep scattering layers. On the other hand the ability of such fishes to 
maintain neutral buoyancy during migration has been questioned. This requires 
the secretion of gas during descent at rates that have been regarded as improbable 
on the basis of energy requirements (KANWISHER and EBELING, 1957). However, 
MARSHALL (1960), in a detailed and fascinating account of the swimbladder in deep-sea 
fishes, offers ample anatomical and biological argument for the use of the swimbladder 
as an hydrostatic organ in many of the commoner bathypelagic fishes of the scattering 
layer region (the upper 1000 m of the ocean). It is noted that in these fishes the gas 
secretory and absorbing mechanisms of the vessel are very elaborately developed 
as compared with other fishes. It should furthermore be noted that many of the 
steps in the argument that the maintenance of constant neutral buoyancy during 
extensive and rapid vertical migration is physiologically improbable are based on 
extrapolations of the functionings of shallow-water fishes rather than on measure- 
ments of the abilities of the fishes in question. 

If we assume that gas-filled swimbladders behave acoustically like free spherical 
bubbles and if the fish acts to keep the size of the swimbladder constant it can be shown 
that the resonant scattering frequency of the swimbladder during vertical migration 
will vary as P* (where P is the hydrostatic pressure). (We can neglect the small effects 
due to the variation of temperature). If, on the other hand, a spherical swimbladder 
is allowed to compress or expand with constant mass during migration, resonant 
frequency will vary as P®/6, STEINBERG (in preparation) has shown that free elongate 
bubbles (prolate spheroids) exhibit similar behaviour. When such a bubble is encased 
in a flaccid membrane the resonant frequency differs by correction terms which may 
or may not be detectable from observation. 

We have reported in this paper four scattering layers in which it has been possible 
to follow the systematic shift of scattering frequency during the depth migration; 
we have also noted resonant layers which do not migrate in depth and, as expected, 
show no frequency change. In two cases (two ‘ high-frequency’ layers) frequency 
changes as the 5/6th power of the depth and in one case (an ‘ intermediate-frequency ’ 
layer) frequency changes as the one-half power of the depth. In the fourth case 
(a ‘low-frequency’ layer) we are unable to assign a value to this relationship. The 
‘ half-power ’ observation supports the view that at least some bathypelagic fish is 
able to maintain neutral buoyancy during an extensive and rapid ascent (300 to 100 m 
in about an hour). The 5/6 power’ observations suggest that with some fishes the 
swimbladder simply compresses and expands with changing hydrostatic pressure 
and further implies that having neutral buoyancy at the upper end of the vertical 
range (where the fish is likely actively feeding and being preyed upon) is of sufficient 
advantage to the animal to make retention of the swimbladder worthwhile. 
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Geographical variation 


As might be expected on the grounds of similarity of environment there are 
similarities in the scattering layer regimes of Area A (south of Nova Scotia) and 
Area B (south of New England) while both differ considerably from the situation in 
Area C (north of the Bahamas). Layer migration in depth and frequency are conspic- 
uous features in the northern localities while non-migratory layers are virtually the 
rule at the southern locality (where only one layer (D) shows a pronounced depth 
migration). All areas have layers in the three arbitrary frequency categories. 
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On the production of particulate organic carbon by heterotrophic 
processes in sea water 


T. R. Parsons and J. D. H. STRICKLAND 
(Received 10 April 1961) 


Abstract—It is suggested that the amount of heterotrophic carbon assimilation by micro-organisms 
in the sea may be a significant fraction of the photosynthetic production, when considering the whole 
water column in a deep ocean. 

A method is described, allied to the carbon-14 method for measuring photosynthesis, whereby 
the heterotrophic uptake of any chosen substrate in sea water can be measured using the substrate 
labelled by carbon-14. The method is rapid and convenient and can give values of ‘ relative-hetero- 
trophic potential.’ As with the radiochemical method for measuring marine photosynthesis, the exact 
interpretation of results presents many problems but the technique should prove a useful exploratory 
tool. Tests have been made using fully labelled acetate and glucose. 

By a method of progressive radio-isotopic dilution it is possible to measure either the concentra- 
tion or organic substrate in sea water or obtain information of the enzyme kinetics of the micro- 
organisms assimilating a given substrate. A description is given of this method. A few preliminary 
trials to test its applicability have been encouraging. 


INTRODUCTION 


MARINE primary productivity is usually thought of as photosynthetic production 
and, in terms of the planet as a whole, this definition is correct as the contribution 
of chemolithotrophic processes is negligible. However, if non-phagotrophy be used 
as a criterion to define a plant then the heterotrophic (chemo-organotrophic) growth 
of bacteria, eumycetes, protozoa and algae could well be classed as a form of ‘ primary 
productivity,” namely the first production of particulate food-stuff. 

The amount of * soluble °’ organic matter in the sea, which would form the substrate 
for such heterotrophic growth, nearly always exceeds the amount of ‘ particulate ’ 
organic material by a factor of ten or more; fifty or more if we consider only living 
cells. The total amount of soluble organic carbon is as great as 20,000 mg/m? at the 
surface (Fox, IsAAcS and CORCORAN, 1952) although 2000-3000 mg C/m® is a 
more common figure (KAY, 1954; PLUNKETT and RAKESTRAW, 1955; SKOPINTSEV, 
1959). DuursMA (1960) has reviewed the literature and recently contributed what 
are probably the most reliable figures. He has shown that even in the deep ocean 
the amount of organic carbon is rarely less than 500 mg/m*. A round figure of 
1000 mg C/m? in the bulk of the ocean seems a reasonable approximation for rough 
calculations, with as much as five to ten times this amount occurring in the surface 
waters and near to the land. 

A wide variety of dissolved organic compounds occurs in sea water, especially 
at coastal locations. There are the simple acids, formic, acetic, glycollic and lactic 
(CREAC’H, 1955b; KoYAMA and THOMPSON, 1959) and the Krebs-cycle-acids, malic and 
citric (CREAC’H, 1955a, 1955b). In deposits of the Weddell Sea the latter acid apparently 
reached a sufficient concentration to precipitate the calcium salt (BANNISTER and HEy, 
1936) and doubtless most of the other tricarboxylic-acid-cycle compounds will 
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eventually be detected. Carbohydrates and amino acids have been reported, mainly 
in polymer form (Lewis and RAKESTRAW, 1955; JEFFREY and Hoop, 1958; WANGERSKY, 
1959) and there are long chain acids (WILLIAMS, 1961). It is to be inferred from the 
literature that an appreciable fraction of the total organic carbon in the ocean is 
tied up as a fairly resistant humus-like material (SKOPINTSEV (1959) mentions a pectin- 
protein complex) so that in both fresh and salt water only 10 per cent or less of the 
organically combined carbon may be available as a substrate for micro-organisms 
(Keys, et a/ 1935; PLUNKETT and RAKESTRAW 1955; KUSNEZOW, 1959). 

In addition to marine bacteria the sea has been found to contain eumycetes 
(mold fungi, yeasts, etc.) and the recently described Krassilnikoviae (BARGHOORN 
and LINDER, 1944; ZOBELL, 1946; HOHNK, 1956; VISHNIAC, 1956; Woop, 1958; 
Kriss and MITZKEVICH, 1958; RITCHIE, 1959; HULBURT ef al., 1960; FELL, et al., 
1960, and references cited therein). Kriss and co-workers have plotted the distribution 
of heterotrophic micro-organisms at all depths in the ocean (KRISS and MARKIANOVICH, 
1959; Kriss, 1960; Kriss, et a/., 1960) giving a remarkable picture of the abundance 
and wide distribution of micro-heterotrophs. In fresh water the biomass of such mate- 
rial is sometimes comparable with that of the phytoplankton (KUSNEZOw, 1954, 1959). 

It must be remembered that many of the phytoplankters themselves are capable 
of heterotrophism. The ability to grow heterotrophically has been reported for 
species from all the main divisions of the algae, although only studied extensively 
in the Chlorophyta. There can be little doubt that in nature certain diatoms, coc- 
colithophores and micro-flagellates are capable of prolonged growth in complete 
darkness and contribute significantly to the pelagic as well as to the benthic hetro- 
trophic populations (RODHE, 1955; BERNARD, 1948, 1958; Woop, 1956a, 1959). 

Recent work by JANNASCH and Jones (1959) has indicated that the number of 
bacterial cells in the sea is considerably higher than once supposed. From their work 
and the data given by VISHNIAC (1956), Kriss (1960) and Kriss et al. (1960), together 
with reasonable assumption as to the size and carbon content of marine micro- 
organisms, we estimate the mean standing crop of particulate carbon, in the form 
of micro-heterotrophs to be about 0-1 mg/m* in the oceans of the world between 
50 °N and 50 °S. Of course, large variations occur both horizontally and vertically. 
In the arctic regions amounts are less and there the organisms appear to be concen- 
trated mainly in the top 200 m. Thus the dissolved organic matter of the seas, which 
has probably little value as a direct nutrient (KROGH, 1931; BOND, 1933) can be utilized 
for the sustenance of higher marine animals, even in the pelagic environment, by a 
food chain initiated by the heterotrophic production of micro-organisms. In the open 
ocean photosynthetic productivity is relatively low (STRICKLAND, (1960) for typical 
values). If one assumes a value of ca. 0-1 mg C/m® for the standing crop of hetero- 
trophs and a growth rate roughly comparable with that of the phytoplankers, then 
the heterotrophic production of organic carbon per m* could be as much as 0-5-1 per 
cent of the photosynthetic production. When it is remembered that the depth of 
the total water column in the ocean will be fifty times or more that of the euphotic 
zone, it will be seen that the heterotrophic production beneath a unit area of the 
open ocean could well be of the same order as photosynthetic production. (By contrast 
the production of coastal areas, with large standing crops of phytoplankton in shallow 
water, will always be dominated by photosynthesis except perhaps in mid-winter in 
arctic and subarctic regions). 
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The production of much of the organic particulate matter in the ocean can therefore 
result from a cycle of heterotrophic processes, with the photosynthetic production 
of the upper layer acting as a replenishing mechanism for energy losses (OHLE, 1956; 
Woop, 1956b). These heterotrophic cycles have the effect of considerably increasing 
the final utilization of any photosynthetic primary production. 

The question of immediate importance to marine ecologists is the relative contribu- 
tion of phototrophic and heterotrophic production in the open ocean. In the work 
described below we have outlined a new technique which may be of use for the rapid 
measurement of heterotrophic growth and substrate concentrations, at least on a 
relative scale. The technique was evaluated in coastal areas in winter, but should 
be applicable to most marine environments. It will shortly be applied by us to offshore 
areas in the northeast Pacific Ocean. 

In common with terrestrial micro-organisms, marine bacteria can utilize a large 
variety of substrates. Although the versatility of any one species may be limited, 
there are probably organisms present in the sea which are capable of using any 
substrate which may exist in the sea. The more widely used substrates for bacteria 
and fungi are simple compounds such as ethanol, glycerol, acetate, lactate, glucose, 
succinate, citrate and the amino acids (BARGHOORN and LINDER, 1944; ZOBELL, 
1946; MACLEOD ef al., 1954). 

A similar variety of substrates can be used by algae, when growing heterotrophically, 
although there is generally considerable selectivity. For example, the ‘ acetate flagel- 
lates,’ described in HUTNER and Lworr (1951) grow well on acetate and some other 
acids but have little ability to use glucose. Conversely, Chlorella pyrenoidosa is only 
sustained in the dark by glucose and, less efficiently, by galactose and acetate, other 
carbon sources (hexoses, pentoses, acids and even sugar phosphates) having no effect 
(SAMEJIMA and Myers, 1958). Glucose and, to a lesser extent, acetate can be used 
by most Chlorophyceae and cryptomonads, often called ‘ sugar flagellates ’ (BRISTOL- 
ROACH, 1928; Myers et a/., 1947; PRINGSHEIM, 1954; and SCHLEGEL, 1959). Glucose 
was the favoured substrate for the fresh water and marine diatoms studied by LEWIN 
(1953) and Lewin and Lewin (1960), with lactate and acetate being less widely em- 
ployed. Many diatoms could be sustained by the simpler acids, but showed no 
growth. Useful data have been collected by SAUNDERS (1957). 

The study of heterotrophic growth by the use of substrates labelled with carbon-14 
would seem a logical development, using a technique in many ways analogous to 
the carbon-14 method for marine photosynthesis developed by STEEMANN NIELSEN 
(1952). Two difficulties arise, however, which are not encountered with the Steemann 
Nielsen method; neither the nature nor the amount of substrate is known in a sample 
of sea water. The latter difficulty can be overcome by adding so much substrate to 
a sample that the total amount present is virtually equal to the added amount, (i.e. 
the original amount can be neglected) The number of possible substrates in sea 
water is so great, however, that the addition of all of them, fully labelled with carbon- 
14, is impracticable. In the present preliminary investigations we have chosen 
uniformly labelled glucose and acetate, and labelled carbon dioxide. 


MATERIALS AND METHODS 


Radioactive solutions were obtained by adding suitable weights of inactive glucose 
or acetate to fully labelled stock sources of the radioactive chemicals, adding 5 per 
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cent sodium chloride solution and packaging 2-0 ml aliquots into glass ampoules 
which were immediately sealed and sterilized as in Steemann Nielsen’s carbon-14 
method (STRICKLAND, 1960). 

The quantities in each ampoule were such that when all the 2-0 ml were added to 
a B.O.D.* bottle of seawater sample, assumed to be exactly 300 ml, the bottle contained 
about 5 micro-curies of activity with an added substrate concentration equivalent 
to exactly 250 mg C/m*. This amount was sufficiently great, see later, for any naturally 
occuring substrate to be neglected. The radioactive carbon dioxide additions were 
made using 2-0 ml of a solution containing 25 micro-curies of activity with no added 
carbonate. The total carbonate was calculated from a knowledge of pH and alkalinity, 
as in photosynthesis work. A high carbonate activity was added in order to bring 
counting rates to a suitable level, because the total carbonate-carbon concentration 
was about one hundred times greater than that present in the acetate and glucose 
experiments. Amounts of 50 or 100 micro-curies of carbon-14 carbonate would 
have been better but these were not available. 

Seawater samples were collected in scrubbed-clean 5-litre Van Dorn plastic bottles 
and filtered within minutes through a clean 150-micron nylon net (to remove any 
larger organisms) into a large glass flask for subsequent aliquotting into blackened 
B.O.D. bottles. The glass flask and bottles were cleaned before every experiment 
with chrome-sulphuric acid and subsequently rinsed copiously with freshly distilled 
water. (The use of polyethylene-ware and of alcohol for sterilization is to be dis- 
couraged because of possible contamination by organic matter). B.O.D. bottles 
were filled to the top with the well-shaken seawater sample and exactly 3 ml poured 
out of each bottle to make way for the radioactive solution and preservative. The 
bottles were allowed to come to a temperature similar to that of the sea from whence 
the samples were taken, by allowing them to stand for 15 to 30 minutes in a cooled 
water bath. The samples were then ‘ innoculated * with radioactive substrate solution, 
incubated for a period not exceeding 4 hours in a water bath, ‘killed’ by adding 
1 ml of neutral 40 per cent formalin and filtered through a HA Millipore filter. 

The filters were washed well with 3 per cent sodium chloride solution or filtered 
sea water, dried and the radioactivity ‘counted.’ All details of the experimental 
technique were identical with those used for carbon-14 photosynthesis experiments 
(STRICKLAND, 1960). Under these conditions, with a 3-4 hour incubation period, 
the resulting counts from filters were always greater than 200 c.p.m.** above 
‘blank’ values. 

A suitable ‘ blank ’ procedure for this method is difficult to devise as there is no 
equivalent to the *‘ dark blank ’ used in carbon-14 photosynthesis experiments. When 
the stock radioactive solutions were added to a sample of sea water, followed im- 
mediately by the addition of formalin and filtration, an appreciable count above 
background was observed. This was roughly 150 c.p.m. in the case of glucose, 40 c.p.m. 
with acetate and 50 c.p.m. with carbon dioxide and appeared to be a true * blank ’ in 
each case. Evidently it was the result of some form of rapid adsorption by the mem- 
brane or organisms. We have not done sufficient work to determine just how constant 
such blank counts may be. If sample counts exceed 1000 c.p.m. any blank corrections 
would be negligible, considering the general precision of the method. However, for 


*Biological oxygen demand. 
**Counts per minute 


"A, 
3 
Vo] 
8 
| 
| 190 
6 
al 
> 
| 
| 


On the production of particulate organic carbon by heterotrophic processes in sea water 215 
smaller uptake values, some form of blank correction must be attempted, at least 
on a few selected samples. 

The heterotrophic uptake of carbon in the form of the added substrate is given 
by the formula : 
c.f. (S + A) 
(1) 


C/m?/h 
mg C/m*/hr Cut 


where p is the micro-curies of carbon-14 added in the form of labelled substrate, 
A the added concentration of substrate carbon, S the concentration of any of the same 
substrate carbon already present in the sea water sample (units of mg C/m%), ¢ the 
time in hours of the incubation, c the radioactivity of the filtered organisms (c.p.m.) 
and C the c.p.m. from | micro-curie of carbon-14 as a weightless source in the same 
geiger counter assembly period, f is a factor to compensate for the effect of any 
isotopic discrimination that may occur against the C™ isotope as compared with the 
normal atom. 

The value of f may vary and is not known. It can either be neglected or assumed 
to be the same as the factor used for the phototrophic assimilation of carbon dioxide, 
which is thought to be about 1-05 (STRICKLAND, 1960 for discussion). 


RESULTS 


Some idea of the magnitude of the uptake of glucose and acetate, as calculated 
from equation | with (S + A) put equal to 250 mg C/m*, is given in TABLE 1. The 
source activities stated by the manufacturer were assumed to be correct and the same 
calibration factor was used as employed in photosynthetic work. Errors thus incurred 
are considered to be insignificant for this preliminary work. The data are for winter 
water in a sea area just off the coast near Nanaimo, British Columbia, Canada 
(49° 12’ N, 123° 58’ W). 


Table 1. Some apparent heterotrophic carbon uptake rates, using acetate and glucose 
in samples of coastal waters 


Substrate carbon concentration 250 mg/m?* 


| 
Temperature Substrate | Rate 


(°C) (mg C/m? per hr) 


10 Acetate 
10 Glucose 
Acetate 
Giucose 
Acetate 
Glucose 
Acetate 
Glucose 
Acetate 
Glucose 
Acetate | 


Acetate 
Acetate 
Glucose 


*Photosynthetic rate on same sample at approx. optimum light. 2 mg C/m*/hr. 
**Photosynthetic rate on same sample at approx. optimum light. 1-4 mg C/m*/hr. 
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In general the rate of uptake of glucose-carbon was about 50-100 per cent greater 
than that of acetate-carbon by the same population (the glucose uptake rate was 
30-50 per cent /ess than acetate on a substrate molecule basis). The uptake of carbon 
dioxide in the dark, as calculated from photosynthesis * blank ’ experiments at about 
the same time of year, was around 0-01-0-02 mg C/m%/hr. and, where a direct com- 
parison was made with glucose and acetate, the carbon dioxide-carbon uptake rate 
was found to be almost the same as that for glucose-carbon (about six times greater 
on a substrate molecule basis). 

Counting rates in all cases were several hundred c.p.m. above background and 
often greater than one thousand c.p.m. Agreement was generally good between 
duplicates. There seems no doubt that a definite and reproducible uptake of substrate 
was being measured. The apparent rate of uptake increased regularly with the duration 
of experiments, which varied from | to 10 hr, in a manner suggestive of a population 
growing exponentially. At 9 °C the doubling time was about 15 hr. 

In no experiment were the sides of a B.O.D. bottle wiped with a ‘ policeman.’ 
Any population proliferating on the glass surfaces did not contribute materially to 
the observed rates which were thus better representative of the rates to be expected 
in the sea. It was thought wise to restrict incubation periods as much as possible 
and a time of 2-4 hr seemed to be suitable. 

Temperature effects were very marked and necessitated temperature control to 
at least + | °C during incubation. In one experiment, with acetate in early December, 
a good Arrhenius plot was obtained from 7-5 °C to 26 °C giving an activation energy 
of 27,500 calories, corresponding to a Qj) at 10°C of 5-2. Later a Q,) of 4-3 was 
found and in mid-December the value was about 1-7. In each case different water 
masses and doubtless different populations were being observed and there seems to 


be no reason to suppose that any constant Qj) values can be assumed. The Q,p will 
likely be sufficiently high, however, to make temperature control essential. The tem- 
perature should be kept as close to that of the initial sample as is practicable (cf. 
the results on marine bacteria by JOHNSON, (1936). 


KINETIC ASPECTS 
If varying volumes of a solution containing active and inactive substrate are added 
to samples of sea water, each of the same volume, then : 
pC=aa 


where « is a proportionality constant. 

Let v be the velocity of substrate utilization and make ¢ sufficiently small that v 
changes but little during the course of an incubation period (or changes in a repro- 
ducible manner). From simple isotopic dilution it follows that : 


BupC «aBAv 

(S +A) (S +A) 

where £ is a proportionality constant depending upon the conditions of the experiment 
and radioactive counting equipment used. 

The dependence of v on substrate concentration (S + A) will be of the form : 

yp = WS +4) (3) 

K +(S + A) 


(2) 
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where k is a velocity constant, depending on the microbiological system and its con- 
centration in the water sample, and K is a constant (units mg C/m*) of the form of 
a Langmuir isotherm constant or a Michaelis-Menton constant (HINSHELWOOD, 1946; 
JOHNSON et al, 1954; and other texts on microbiology and biochemical kinetics for 
further treatment). 

Combining equations 2 and 3 

ZA 

where Z = « Bk. 

If 1/e = y and 1/A = x equation 4 reduces to: 


(5) 


a linear function from which (K + S) can be evaluated from the value of x when y 
is zero, i.¢.: 


e+ (6) 
x 


If K <S, the intercept on the abscissa enables one to calculate the amount of 
substrate carbon initially present in the sample of sea water. If S is zero or much 
less than K, the intercept is a (temperature and pH dependent) constant characteristic 
of some enzyme system in the micro-organisms present in the sample of sea water. 

A few preliminary trials were made to determine whether equation 5 could be 
used to evaluate (K +S). The contents of ampoules were diluted with various 
volumes of sterile 5 per cent sodium chloride solution and various aliquots added 
to B.O.D. bottles, filled from the same source of sea water. Fic. 1. shows the result 
of two experiments with acetate at different temperatures, using samples taken 3 
days apart, and also the plot of an experiment using glucose. Substrate and activity 
were added so that A ranged from 500 mg C/m® to about 3 mg C/m*. The values 
of (K + S) for several experiments are collected in TABLE 2. 


Table 2. Kinetic parameters 


| Temperature of Duration of 
Depth | Incubation Incubation | Remarks 
(m) (°C) (hr) 


5 26 4 Acetate 
Curve | 
Fig. 1 
8-5 , Acetate 
Curve 2 
Fig. 1 
Glucose 
Curve 3 
Fig. 1 
Acetate 
Acetate 


The rate of uptake of acetate was unaffected by the addition of up to ten times 
as much glucose. It would appear that both the acetate and glucose fixation in a sample 
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of water are independent. Whether or not they occur independently in the same 
organism was not proven. 


2. ACETATE 7°C 


1, ACETATE 26°C 


Y (ARBITRARY UNITS) 


3. GLUCOSE 16°C 


| 


100 


X x 10° (mgc/m3y' 


Plot of Equation 5 with data for acetate and glucose. 


Fig. 1. 


DISCUSSION 


Although the carbon-14 method of measuring marine photosynthesis constitutes 
a ‘ break-through’ in the measurement of open ocean productivity it has been the 
cause of much controversy because of difficulty in interpreting results (STRICKLAND, 
1960, for a review). The present complementary technique on heterotrophic growth 
measurement is even more difficult to interpret and it may be worthwhile to consider 
the possible ways in which glucose, acetate and carbon dioxide can be taken up by 
micro-organisms. 

In all cases it is necessary to distinguish between maintenance and growth. An 
external substrate, and hence carbon-14, may enter the cell of a micro-organism and 
be used solely as fuel for the energy requirements of the cell. In this case the substrate 
is rapidly oxidized and lost. The radioactive carbon atoms may or may not be 
counted, depending on their residence time in the organism, but even if they are 
recorded, there will have been no net increase in cell carbon because a corresponding 
number of unlabelled atoms will have been lost, probably as carbon dioxide. Alter- 
natively, a molecule of substrate may enter the cell and be incorporated permanently 
into the organism by synthesis into a major metabolic end-product. A corresponding 
amount of radio-activity is then fixed into the organism. The energy for this synthesis 
can be obtained by the (oxidative) breakdown of substrate originating either inside 
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or outside the cell. The internal mechanism is unlikely, except when glutted cells 
are suddenly placed in a nutrient deficient environment. There would then be a gain 
of radioactivity but no net gain of carbon; a state of affairs which might loosely be 
termed ‘exchange.’ If the energy were obtained from an external substrate two 
possibilities can be envisaged. If the substrate used as an energy source were the 
same as the labelled substrate there would be a net increase of carbon in the cell 
but ‘ over-labelling ’ might take place due to some of the labelled atoms in the energy- 
producing cycles being retained in the organism. If the substrate used were different 
from the labelled one (present in the sea water along with the latter) then a net increase 
of cellular carbon would result which could be at least as great as that measured by 
Equation |, and probably greater. 

It is clear from the present experiments that at least two substrates can be taken 
up simultaneously by the same marine population. Doubtless there are also other 
organic compounds in the water being attacked and hence the growth rate measured 
by any one labelled compound is probably a minimum estimate of the true net increase 
of cellular carbon. It is conceivable that only the ‘ basal metabolism ’ of the micro- 
organisms is being satisfied and a form of * exchange’ is occurring, but this is most 
unlikely to be a general rule. 

The pathway of glucose assimilation by marine heterotrophs is straight-forward, 
in principle. Glucose enters early in the metabolic patterns and net assimilation 
could be relatively large. 

Acetate is in a comparable oxidation state to glucose but its uptake mechanism 
is less certain. Acetate could combine with oxaloacetic acid, via the acetyl-CoA 
complex, to give citric acid which could then be used for protein synthesis or to give 
a supply of energy and reductant via the Krebs cycle. Alternatively, two molecules 
of acetate might combine by the Thunberg-Kncop condensation to give succinate, 
which could also be used either for cell synthesis or continue in the Krebs cycle to 
furnish energy. Recently MACLEop et al/., (1960) have shown a marine bacterium to 
possess a Krebs cycle shunt whereby acetate and isocitrate can produce succinate 
and malate directly. This provides a convenient mechanism for cell growth without 
oxidation losses in the tricarboxylic acid cycle. 

Other possible mechanisms exist but growth on either glucose or acetate has in 
common the need for a supply of energy (ATP)* and reductant (DPNH or TPNH).** 
These can be obtained from oxidative or fermentative reactions of the two substrates 
themselves, but in the case of the fixation of carbon dioxide in the dark by marine 
heterotrophs the supply of energy and reductant must be obtained solely at the 
expense of organic matter inside or outside the cell. The numerous mechanisms that 
can be used by micro-organisms to fix carbon dioxide have been outlined in many 
texts (WERKMAN and WILSON, 1951; HILL and WHITTINGHAM, 1957). Possibly the 
‘malic enzyme’ reaction and the Ochoa reactions are the more common and the 
classical Wood-Werkman reaction itself may have little importance. In any case it 
seems to us that to refer to the Wood-Werkman and other mechanisms for the uptake 
of carbon dioxide as an ‘ exchange’, involving no true gain of cell carbon (Woop, 
1956b; STEEMANN NIELSEN, 1960) is over-extending the normal concept of isotopic 
exchange. The fractional assimilation of carbonate-carbon, even to an end product 


*Adenosine triphosphate 
**Reduced Di- or Tri-pyridine nucleotide 
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such as protein, can be quite high in the presence of external organic substrates (ABELSON 
et al., 1952) and the heterotrophic uptake of carbon dioxide is, in this respect, no 
different in principle from the uptake of an organic molecule. 

The present method enables one to obtain what we will term the ‘ relative hetero- 
trophic potential ’ ofa watersample. This‘ relative heterotrophic potential ’ measured 
by one labelled substrate, is likely to be a minimum value for the true heterotrophic 
uptake of carbon provided that rates in the sea are not limited by the low concentra- 
tions of naturally occurring substrates. 

It will be seen from TABLE 2 that values for (K + S) and hence S alone are small 
compared with the added substrate concentration (A) of 250 mg C/m*, and hence 
calculations from Equation 1, assuming (S + A) equal to 250, are valid. However, 
the observed rates with 250 mg C/m* will only equal the actual in situ rates in the sea 
if the velocity in both cases is independent of substrate concentration, i.e. if K is 
much smaller than S and hence smaller than (S + A) (ref. Equation 3). If this is 
the case, the values found in TABLE 2 are also the true substrate concentrations, and 
the technique forms a rapid and elegant method for the determination of certain 
marine trace organics. 

If K is large compared with S the method has less value, and the ‘ relative hereto- 
trophic potential ’ data have only a qualitative significance. Nevertheless, they are 
still useful. An indication of the relative amounts of viable organisms and their 
biochemical characteristics can be obtained by a technique which is much less tedious 
than the conventional plating and counting methods. Furthermore, by the use of 
labelled amino acids, carbohydrates, etc. it should be possible to map the distribution 
of marine heterotrophs classified on the basis of their trophic habits. 

It has been tacitly assumed that S in Equation | or Equation 5 is chemically 
identical with A. Although this seems most probable, it should be remembered that 
one cannot, by the present method, distinguish between A and any other compound 
which might compete directly with A in the rate-determining step that governs the 
uptake of this substrate (ref. constant k in Equation 3). As the rate-determining 
step is almost certainly the initial one in the metabolic pathway taken by A, only 
compounds very closely related biochemically (glucose and a glucose phosphate, etc.) 
would be expected to compete with each other. Glucose and acetate certainly did not. 

One would suppose that with the substrate concentrations found in nature of 
10-7? molar or less (TABLE 2) the natural uptake rate of a heterotroph in the marine 
environment would be affected and be very much lower than the rate measured in 
the presence of an excess of added substrate. This is expressed mathematically by 
Equation 3 when K is large when compared with S. 

There is some evidence, however, that K may be small even when compared with 
S values as low as 10-7 M. Without speculating at this stage as to the exact significance 
of K, the constant may be assumed with some certainty to be temperature dependent 
and thus the value of (K + S) would not be independent of temperature, as suggested 
by the results in TABLE 2, unless K were, in fact, appreciably smaller than S. 

Values for a Michaelis-Menton type constant of less than 10-7 M have been re- 
ported but are uncommon. Yet it should be reasoned that marine micro-organisms 
must have evolved so as to utilize substrates at the concentrations occurring in nature, 
with possibly the mediation of an adsorptive concentration onto particulate matter. 
More work with a wider variety of samples and substrates is required to decide the 
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value of Equation 5 for the calculation of natural substrate levels but the method 
looks promising. 


Fisheries Research Board of Canada, 
Pacific Oceanographic Group, 
Nanaimo, British Columbia. 
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Abstract—The distribution of temperature, salinity and density for the Red Sea and Gulf of Aden 
in June of 1958 suggests that evaporation exerts a greater influence on the circulation of the Red 
Sea than does the shifting wind pattern emphasized by THOMPSON (1939a, b,). This view is supported 
by evaporation rates for the Red Sea presented by J. NEUMANN (1952) and Privett (1959). A surface 
inflow from the Gulf of Aden was observed entering the Red Sea, i.e., from the direction opposite 
to the prevailing NNW winds of summer. A prominent outflow of warm, saline Red Sea water 
extends into the Gulf of Aden beneath this surface inflow. In June, the dense, isothermal, isohaline 
water that fills the Red Sea basin below sill depth appears to be entrapped there, exchange with the 
Gulf of Aden being restricted to shallower levels. Oxygen and phosphate distribution profiles support 
the thermo-haline circulation proposed. Red Sea water can be traced well into the Indian Ocean, 
as illustrated by a T-S diagram (Fic. 7). 


INTRODUCTION 


HYDROGRAPHIC investigations in the Red Sea area were first undertaken by the 
Pola Expedition in 1895 (Luxscn, 1901; NATTERER, 1898, 1901). Early studies were 
also made with the Magnaghi (PicottTi, 1930; VERCELLI, 1927, 1930). The John 
Murray Expedition of 1933-34 (THompson, 1939 a, b) occupied numerous stations, 
and this was followed by an Egyptian survey of the northern Red Sea (MOHAMMED, 
1939). A few scattered stations have been occupied over the years by the Albatross, 
the Snellius and Discovery I] during traverses of the Red Sea. In May and June 
1958 the R.V. Atlantis of the Woods Hole Oceanographic Institution (cruise 242) 
and the R.V. Vema from the Lamont Geological Observatory took 50 hydrographic 
stations in the area (FiG. 1). 

Salinities were determined by Knudsen titration and oxygen by the Winkler 
method using a dichromate standard. Determination of inorganic phosphate followed 
the Denigés-Atkins technique (ROBINSON and THOMPSON, 1948), corrected for tempera- 
ture (MCGILL, et a/., 1959). Total phosphorus was analyzed by the method of Harvey 
(KEICHUM et a/., 1955). Water samples were also taken for chlorophyll analysis at 
5 m intervals to a depth of 100 m, and total carbon production was calculated from 
chlorophyll and light, using extrapolated radiation values (RYTHER and YENTSCH, 
1957). 

The bottom profiles (FiGs. 2-6) were constructed from soundings on H.O. Charts 
2812 to 2816, but, due to the extreme irregularity of the bottom topography, these 
should be considered as schematic. Echo sounding records taken on the cruise are not 
shown because the ship’s track does not always follow the sections. The exact 
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Geophysical Year and by the Office of Naval Research under contract Nonr 2196 (00), NR 083-004. 
+Present address : Department of Geology, Lehigh University, Bethlehem, Pennsylvania. 


223 


hi 
= 
af 
pe 
aa 
2 
7 
3 
4 
4 


224 A. CoNRAD NEUMANN and Davip A. MCGILL 


depth of the sill (Fic. 1) in the Stiaits of Bab-el-Mandeb was not determined in the 
course of this preliminary survey because of the hazardous navigation among pinnacle 
reefs to the west of Great Hanish Island. The sill depth (125 m) on the section (Fics. 
2-6, AA’) is taken from soundings on H.O. chart 2816. Depths within the Gulf of 
Aqaba exceed 1000 m. Sill depth of the Gulf of Aqaba (Strait of Tiran) is reported 
as 340 m (H.O. Chart 2812) and as 300 m (BADR and CROSSLAND, 1939). However 
comparison of hydrographic stations of Vema and Atlantis taken on either side of 
the barrier suggest that the sill is much shallower than previously reported.* In 
contrast, the Gulf of Suez is everywhere shallower than 100 m and bas no sill to 
prevent its waters from mixing freely with those of the Red Sea (MOHAMMED, 1939). 
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Fig. 1. Location of 50 hydrographic stations taken by R.V. Atlantis on cruise 242 (Nos. 5609-5646) 
(NEUMANN and Densmore, 1959) and R.V. Vema (Nos. 59-69) (FRIEDMAN, 1°60). The position 
of the longitudinal section AA’ is indicated and also the three traverses, BB’, CC’ and DD’. 


OBSERVATIONS 
Temperature 


The temperature sections (FiG. 2) reveal a large expanse of nearly isothermal 
deep water, approximately 22°C, in the Red Sea basin below 200 m. A cell of water 
colder than 21-7°C is centred at a depth of about 500m. At the northern end (FiG. 


*Continuity of hydrographic values on each side of the sill gives good agreement to a depth of 
175m. Below this depth the markedly different levels found in the Gulf of Aqaba suggest that the 
water is cut off from further circulation with the Red Sea. The sill depth shown in the profiles 
(Fic. 2-6) has been dotted to a depth of 175 m to show the barrier suggested by the hydrography. 
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2, AA’), the water below sill depth in the Gulf of Aqaba is about 0-6° colder than that 
outside the Strait of Tiran in the Red Sea itself. 
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Fig. 2. Temperature profiles in the Red Sea and Gulf of Aden in June. (See Fig. 1) Bathyther- 

mograph data in the vicinity of the sill between the Gulf of Aden and the Red Sea are incor- 

porated with the reversing thermometer data to provide greater detail. Note: The sill depth 
in the Strait of Tiran is dotted to a depth suggested by the hydrography. 


In June, surface water warmer than 31°C occurred in the south and cooler than 
28°C in the north, i.e., there was a negative temperature gradient along the surface 
of the Red Sea from south to north. At the southern end of the basin a prominent 
tongue of warm water flows over the sill into the Gulf of Aden. 

Within the Red Sea basin there is no obvious lateral mixing (Fic. 2, BB’ and CC’) 
either at the surface or at depth. Across the mouth of the Red Sea in the western 
end of the Gulf of Aden (Fic. 2, DD’), however, there appears to be a complex 
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thermal structure below 100 m due to the mixing of warm outflowing water with the 
cooler water of the Gulf. 


Salinity 
There is nearly isohaline water below the 40-5%, isopleth (Fic. 3), which corres- 
ponds in depth to the 22°C isotherm and marks the upper limit of the deep water 
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Fig. 3. Salinity profiles in the Red Sea and Gulf of Aden in June. (See Fig. 1). Note: The sill 
depth in the Strait of Tiran is dotted to a depth suggested by the hydrography. 


enclosed within the Red Sea basin below sill depth. The steepest vertical salinity 
gradients are observed at the southern end of the basin in the surface layers above 
the 40-5%, isopleth. This effect decreases northward. There is a progressive increase 
in surface salinity from 36.5%, in the south to 40.5%, in the north. The most saline 
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water is that enclosed within the Gulf of Aqaba below sill depth. A value of 42-55%, 
was obtained near the bottom at 1914 m at station 5639 (NEUMANN and DENSMORE, 
1959), a value which corresponds to similar records obtained within 12 miles of that 
position at station 254 of the Swedish Deep Sea Expedition (BRUNEAU, ef al., 1953). 
6 7 66 6 563) 5630 56/9 


8 6 
5640 5639 5632 


29°N. LAT. 


5637 5623 5624 


5642 5635 
5641 5643 B’ C5634 5636 5638 © 5622 63 5625 


DENSITY, “t 50 _NAUT. MILES 


50 
NAUT. MILES 


Fig. 4. Density profiles in the Red Sea and Gulf of Aden in June. (See Fig. 1). Note : The 
sill depth in the Strait of Tiran is dotted to a depth suggested by the hydrography. 


In the Gulf of Aden near the Straits of Bab-el-Mandeb (Fic. 3, DD’) there is a 
complex salinity pattern similar to the temperature distribution there. A central core of 
high salinity water at 400 m corresponds to the core of warm water. This is overlain by 
a low salinity, low temperature tongue at 200 m which extends into the Gulf from the 
northeastern side. Warmer water with a higher salinity is found at 150m at the 
western end of that section. Water of intermediate temperature and salinity occupies 
the deeper portions of the Gulf near the Straits. 
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Density 
There is a progressive increase in surface density northward within the Red Sea 
(Fic. 4) with a difference of 4-5 o, units between station 64 in the south and station 
69 in the north. A sharp vertical density gradient also occurs throughout the basin 
in the region above sill depth (125 m). Within this region the o, surfaces slope down- 
ward toward the sill in the south. 
The water enclosed within the basin below sill depth exhibits a remarkably uniform 
density. Below the 28-50 isopycnal, the range of variation is within one tenth ofa oa, unit. 
62 
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Fig. 5. Dissolved oxygen profiles in the Red Sea and the Gulf of Aden in June. (See Fig. 1) 
Note : The sill depth in the Strait of Tiran is dotted to a depth suggested by the hydrography. 


The complexities of temperature and salinity distribution (Fic. 4, DD’) are 
resolved in the o, profile, demonstrating that the contrasting wate: masses in this 
area of mixing occupy levels concordant with their respective densities. 
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Oxygen and Phosphate 


The oxygen distribution (Fic. 5, AA’) indicates a pronounced minimum with less 
than 0-5 ml/l in the Red Sea north of Bab-el-Mandeb at approximately 400 m and in 
the Gulf of Aden at 200 to 400 m. The shallow minimum layer and the low oxygen 
content suggest a rapid oxygen consumption in the south. In the north, on the other 
hand, the oxygen minimum is 1-50 to 1-75 ml/l, at a depth of about 500m. The 
Gulf of Aqaba has high oxygen concentrations throughout the water column and no 
minimum layer. 
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Fig. 6. Profiles of total phosphorus in the Red Sea and the Gulf of Aden in June. Inorganic 
phosphate analyses are also available for most stations. (See Fig. 1). Note: The sill depth in 
the Strait of Tiran is dotted to a depth suggested by the hydrography. 


The total phosphorus maximum (FiG. 6) occurs at the same depth as the oxygen 
minimum. In the southern Red Sea (Fic. 6, AA’) there is approximately 1-00 »gA/1, 
which is only slightly higher than that in the north. The least value for the maximum 
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occurs at about the midpoint of the basin, near 22°N. This is in marked contrast 
with the Gulf of Aden where the maximum is over 2-20 »gA/I and the level throughout 
the water column is much higher. No phosphate data are available from the Gulf 
of Aqaba. 

An oxygen minimum and total phosphorus maximum (Fic. 6, BB’ and CC’) 
occurred along the eastern edge of the Red Sea basin, with less pronounced gradients 
along its western border. 


Primary Production 


The concentiation of chlorophyll in the Red Sea is generally low. The average 
of 12 observations in the Red Sea, Gulf of Aden and Indian Ocean is 19-2 mgs/m* 
of chlorophyll (YENTSCH and Woop, 1961), comparable to such unproductive areas 
as the Sargasso Sea. Values greater than 25 mgs/m* were observed in sporadic 
‘blooms’ of discoloured water. A maximum characteristically found at 75-100m* 
may result from sinking phytoplankton (STEELE and YENTSCH, 1960). 

In general, carbon production is low and shows little variation throughout the 
area, with a mean of 0-21 gms C/m?/day, which is near the average for open oceanic 
areas (RYTHER, personal communication). A noticeably high value (0-41 gms C/m?/day) 
was obtained near station 5631 within the Red Sea just north of the sill; this value 
is comparable to July observations on the continental shelf off the east coast of the 
United States (RYTHER and YENTSCH, 1958). In the Red Sea, the high value presumably 
reflects only local hydrographic conditions over a limited area. 


DISCUSSION 


The Red Sea is a basin about 1000 miles long and 150 miles wide, with a rugged 
bottom topography and steep marginal scarps. Central depressions exceed 2200 m in 
depth. The basin is enclosed behind a shallow sill, about 125 m deep, at the southern 
end near Great Hanish Island. This sill restricts the main volume of water within the 
basin from free association with the Gulf of Aden. 

An interesting circulation is developed because exchange is limited largely to the 
surface layers. THOMPSON (1939a) lists four causes for water movements in the Red 
Sea : tides, winds, change of density, and loss by evaporation. Of these, he states 
that winds are the most important. In the Red Sea, the winds follow a rather simple 
seasonal pattern which is related to the monsoons of the Indian Ocean (BARLOW, 1934 
a, b), blowing from the NNW down the Red Sea from May to September and through- 
out the year over the northern section (THOMPSON, 1939a). From October to April 
the pattern is altered only in the southern section below 20°N latitude where winds 
from the opposite direction (SSE) then predominate. 

Assuming that the water circulation is most affected by the winds, THOMPSON 
(1939a) proposed a surface inflow during the winter due to the SSE winds. Beneath 
this inflow in the vicinity of the sill a subsurface outflow of warm saline water enters 
the Gulf of Aden. The postulated scheme in summer differs from that in winter; 
the inflow then enters at an intermediate level above the bottom outflow and below a 
seasonal surface outflow maintained by the NNW winds. 

The present data were taken in mid-June, at least one month after the winds had 


*The depth of the euphotic zone is between 75 and 90 m as determined by Secchi disc readings. 
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shifted to the summer NNW pattern, but the winter system of water circulation 
described by THOMPSON (1939a, b) with the inflow at the surface still persisted, as 
indicated by the temperature and density distribution in the surface layers (Fic. 2 
and 4, AA’). It is best depicted, however, by the increase in surface salinity from south 
to north (Fic. 3, AA’). 

As a consequence of the gradients just described, it appears that winds alone are 
not the causative factor of Red Sea circulation at this time of year. In this area 
devoid of tributary rivers, evaporation greatly exceeds the meagre precipitation 
(NEUMANN, 1952). The annual evaporative loss from the Red Sea amounts to 210 cm 
(NEUMANN, 1952; Privett, 1959). Furthermore, evaporation is consistently greatest 
during the winter season (PriveTT, 1959). It had previously been supposed that 
evaporation was greatest during the summer (SCHOTT, 1929). From our data the 
level of the Red Sea must be sufficiently lowered by winter evaporation to main- 
tain an inflow at the surface until at least mid-June, despite the contrary winds. 
Before the end of the summer the excessive evaporation, however, must decrease 
because by September a surface outflow in the vicinity of the Straits of Bab-el-Mandeb 
develops under the influence of the NNW winds (THOMPSON, 1939b; MUROMTSEV, 
1960). 

Water of maximum density should form at the surface in the north during the 
winter months when evaporation and cooling are both at a maximum (PRIVETT, 1959). 
This would account for the deep water of 21-7°C and 40-6%, in the Red Sea basin 
below sill depth. 

From both the temperature and salinity profiles, there appears to be a distinct 
tongue of warm, saline water flowing down over the sill from the Red Sea into the 
Gulf of Aden. Due to evaporation and cooling inflowing surface water becomes 
more dense as it flows northward. The resulting density distribution is such that at 
any level above sill depth the water within the Red Sea is more dense than that at 
the same level further south or in the Gulf of Aden. Within the region above sill 
depth the density surfaces slope downward toward the south as, for example, the 
27-0 isopycnal (Fic. 4). It is suggested that the tendency of surface water to sink 
along these sloping density surfaces culminates in the outflow observed along the 
southern slope of the sill (inset, FiG. 7). In this way the surface inflow is related 
to the outflow over the sill. 

Evidence that the outflowing water originates in the surface layers as a result of 
evaporation and cooling and that it is not the cooler, more saline deep water enclosed 
below sill depth, is the distribution of temperature and salinity immediately above the 
sill and down its southerly slope (Fic. 2 and 3), and also the T-S diagram (Fic. 7). 
The latter indicates the relationships between the various water masses within the 
system and also of the Indian Ocean as a whole. The triangle BEC represents the 
entire water mass for the Red Sea basin proper. This may be extended by including 
Vema station 69 to include the Gulf of Aqaba (triangle AFC). The Red Sea system is 
related to the Gulf of Aden through triangle CD’D with DD’ as the axis of mixing 
along the o, surfaces from 26-50 to 27:50. The point D’ is the portion of this axis 
extrapolated to meet the values of the Red Sea. At this point (D’), these values are 
coincident with those of the water directly over the sill (cf. FiG. 2 and 3) and distinctly 
different from point E which characterizes all the water in the Red Sea below sill 
depth. Thus, the latter (E) is not the source of the outflowing water. Furthermore, 
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the existence of an oxygen minimum layer at 400 m, developing southward and abruptly 
terminating against the northern slope of the sill (Fic. 5, AA’) is evidence that deep, 
oxygen-rich water is not escaping from the southern end of the basin at this time. 
The low productivity observed in the region can in part be accounted for by this 
isolation of the deep nutrient-rich waters (Fic. 6, AA’) from those of the euphotic 
zone above. Exchange of the deeper waters of the Red Sea basin with the Gulf of 
Aden must take place at some other time of year. Data from other sources suggest 
that this happens in late summer (THOMPSON, 1939a, b; MUROMTSEV, 1960). 

It is concluded, then, that the circulation of the Red Sea in June is restricted to 
layers above sill depth, where a surface inflow enters through the Straits of Bab-el- 
Mandeb contrary to prevailing NNW winds in order to compensate for evaporative 
losses within the Red Sea. The inflowing surface water is effected by evaporation 
and cooling so that its density is increased as it flows northward (Fic. 4). As a 
consequence, an outflow at intermediate depths, between the surface and sill depth, 
moves southward along the sloping density surfaces until it spills down over the sill 
in the Gulf of Aden as a tongue of warm saline water (FIG. 7 inset). Because a surface 
inflow must replace the loss of water by evaporation and the accompanying increase 
in density causes an intermediate outflow, loss by evaporation and the consequent 
change in density are more important than wind alone as driving factors of Red 
Sea circulation. 

The mixing of the Red Sea outflow in the Gulf of Aden exerts an effect upon the 
Indian Ocean through the formation of Indian Central water (CLowes and DEACON, 
1935). This is apparent in the lower left-hand portion of the T-S diagram (FIG. 7). 
The spreading of Red Sea water into the Gulf of Aden is analogous to that of the 
Levantine intermediate water of the eastern Mediterranean (WUsT, 1960) and the 
exchange between the Gulf of Aden and the Indian Ocean to that between the 
Mediterranean and Atlantic Ocean. Thus, the tongue of warm saline water 
from the Red Sea sinks from a depth of about 500 m in latitude 8°N to a 
depth of about 1250 m south of 20°S (CLowgs and DEAcon, 1935, Fic. 2) between 
Madagascar and the mainland of Africa. Its low oxygen content is apparent still 
farther to the south, so it may possibly be traced as far as latitude 40°S (CLowes and 
DEACON, 1935). 
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The pattern of the steady state transverse current component in the 
Florida Current off Miami 


FRANK CHEW 
(Received 10 August, 1961) 


Abstract—The pattern of the steady state, tramsverse current component in the surface layer of the 
Florida Current off Miami is described on the basis of two independent sets of data. The first consists 
of over 500 GEK observations obtained over an 8 year period and the second of over 1100 observa- 
tions selected from PILLsBURY’s measurements. There is a westward component along the western 
edge of the Current and an eastward one across the remainder. The maximum magnitude is about 
10 cm/s. Discussions of the methods of data selection, reduction, and errors are included. 


INTRODUCTION 


THE transverse current component in the Florida Current off Miami has been 
previously noted by PiLtsBury (1890), PARR (1937), HELA and WAGNER (1953), 
CHEW and WAGNER (1954), STOMMEL (1955), and CHEw (1958). It has various charac- 
teristics and origins. The present paper describes the mean, steady state, net, transverse 
component (hereafter the component R, for convenience). Between Key West and 
Miami, the Florida Current, in response to the conditions of downstream channel 
constriction and downstream constant transport, undergoes two accelerative processes, 
both involving cross-isobaric flow. The first relates to the downstream increase in 
current speed (STOMMEL, 1958), the second relates to lateral friction. Whether or 
not the component R is relevant to these processes is not considered here. 

The transverse direction is defined as perpendicular to the magnetic north, to 
facilitate data reduction, since most of the observations were determined with reference 
to a magnetic compass (44 per cent of the GEK observations were referred to a gyro- 
compass). One set of data was obtained with a GEK (Von Arx, 1950), the other with 
a current pole (PILLsBuRY, 1890). The problem of assessing the reliability of the latter 
and removing any systematic biases is difficult. Hence all data with large unreliability 
and excessive bias were omitted from the computations. 


TREATMENT OF GEK DATA AND RESULT 


As the GEK measures the water current indirectly, the indicated current vector 
is not necessarily that of the water. However, for the Florida Current off Miami, 
the transverse components of the GEK vectors are real* (CHEW, 1958). The Florida 
Current may generate an electrical potential complicated by the effects of velocity 
shear, uneven bottom, etc., but with the present knowledge of the total field of motion, 
it is impossible to evaluate the significance of these. Therefore, it is assumed that 
they are negligible in order to compare the GEK component R with that based on 
PILLsBURY’S data where such eftects are known to be absent. 

The GEK data were taken over a period of 8 years at all seasons of the year 
and were limited only by weather, schedules, and funds. Usually, these observations 

*The K correction factor (VON ARx, 1950) should apply only to the longitudinal component 
of the GEK vector. 
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off Miami were taken on transects and were made at hourly intervals 6-7 miles apart. 
Except when repeating a section in the opposite direction} no two observations were 
made consecutively at any one locality. As most of these observation series were also 


79°30’ 


Fig. 1. The steady state, transverse current component R in the surface layer of the Florida 
Current off Miami. The lower portion of the figure gives the location across the Current of both 
the GEK and PILLsBury data. The 9 zones into which the former is distributed are numbered 
consecutively, with zone | to the west of longitude 80° 0’ W. Directly below are the 3 groupings 
into which the latter is divided. The westernmost 7 series together form Group 1. To its immed- 
iate east is Series 1b, considered as a group by itself. Group 14 consists of the 3 series prefixed 
by the numbers 14. Group 2 is formed from the remaining two, the most easterly located of 
all PiLLsBury’s data used here. The upper portion of the figure summarizes the component R 
(from Tables 1 and 4). Zero transverse component corresponds to the horizontal line, above 
which is eastward and below, westward. The v’s denote GEK data, circles, PILLspuRY data. Dashed 
line connects the former, a heavy line connect the latter, while the slant full line is the least squares 
line for data at locations common to both sets. In plotting R from the GEK data, the midpoint 
of each zone was taken. For PILLsBury’s data, the centre of gravity of data distribution within 
each group was used; thus, for Group 2, since there are 4 times as many observations in Series 
2d as in 2c, R is plotted 4 times closer to the former. 


relatively short, the effect of particular wind, tide and other factors was not given undue 
weight. Thus, the GEK sampling may be said to be more or less random. Some 
75 per cent of the GEK data have already been reported (CHEW, 1958) and the re- 
mainder were taken in the same way in the same latitudes (TABLE 1). All data are pooled 
and grouped into nine zones for every five minutes of longitude (CHEW, 1958), (Fic. 1) 


tin the four time series (CHEW, 1958) many consecutive observations alternated between two 
locations about 6 miles apart. The inclusion of this data introduces an element of inhomogeneity 
due to serial correlation between consecutive observations, such a might be caused by the wind 
prevalent at the time. To reduce this bias, duplicated observations made in one cruise at the same 
location were formed into an arithmetic mean. The mean is used as a single observation for as many 
times as 4 divides into the number of duplication, rounded off to the nearest integer plus one. The 
two consecutive observations near turn-around points are treated as one measurement by using the 
mean of the two. 
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(except for the two end zones) : 


79° 55’ 00” and 79° 59-99’, etc. 


Table 1. 
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1, the region west of longitude 8¢ 80° 00’ 00"; 2, between 


List of additional GEK data collected by the Marine Laboratory, 
University of Miami. 


Cruise 


Date 


T101 
T103 
T104 
T108 
Till 


T222 
G5820 


G5821 
G5826 


1951 
February 24-25 
March 10 
March 31 
April 14-15 
April 28-30 

1952 
August 19 

1958 
June 21-24 
June 25 
September 26 


Prev ailing wind 


NE 


ENE, E 


light and variable 


| 


Number of GEK fixes 


Two features are of interest in the lower (2/3) portion of TABLE 2. Firstly, the 
magnitude of the means, x,, are relatively constant throughout the width of the open 
current. The statistical F test (COCHRAN, 1954) of the means indicate that these 
agree with each other well within the limits of their sample error variances. Secondly, 
westward from the open current to Miami, there is a general increase in an, (i.e., the 
number of observations with a westward component). Considering only the first 
4 zones, those with the most observations,the ratio of n, to n, (the number of observa- 
tions with an eastward component) increases from 0-8 at zone 4 to 3-8 at zone 1. 


Table 2. Various means and standard errors - GEK data only. 


Mean, net transverse ‘component R 
(positive eastward, cm/s) 
Standard error of R 
Number of observations, NV 
Mean ‘westward component (cm/s) x x; 
Standard error of the above mean 5; | 
Number of observations, nw 
| 
Mean eastward component (cm/s) x, | 
Standard error of the above mean, s; 
Number of observations, me 


2-2 | 
é 
19-5 
2-7 
26 


| 18-2 
| 2-4 
| 39 

For each zone, all data are tabulated in a single frequency table, with westward component 
negative and eastward positive. From the separate table the component R and its standard error 
are obtained in the usual way (top 1/3). Next, after rejection of observations without a transverse 
component (less than 4 per cent of total), each table i is separated at the origin to yield two frequency 
tables : one each for westward and eastward components. The means, x;, of the westward or east- 
ward component, and their standard deviations, s;, for each zone are then computed (lower 2/3). 
The difference between N and the sum of ny and nme equals the number of observations without 
transverse component. 


| 28 
19 


4 


| 
| 
16-5 | 
| 
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As the magnitudes of the means are about equal, the sign and magnitude of the 
component R are determined largely by the ratio (n,,/n,)*. 


TREATMENT OF PILLSBURY’S DATA AND RESULT 


Winds, especially when strong, are important causes of biases and unreliable data 
in short series. This effect is especially important in using PILLSBURY’s data. The 
Florida Current off Miami flows nearly due north. Hence the transverse component 
is critically dependent upon the direction of the current. The surface current was 
measured by observing the drift of a current pole from the Blake anchored in depths 
up to 800 m only from the bow with a scope 2 or 3 times the water depth (PILLsBury, 
1890). Should the ship pitch, roll or yaw, the direction of the current flow is obscured. 
The data collected on windy days were therefore omitted from the computations here. 

The criterion for windy conditions is entirely empirical. The shipboard wind 
reports (PILLSBURY, 1890) were in the Beaufort scale. An average Beaufort number 
may, therefore, be used to characterize the wind force for each series. Of the 41 off 
Miami, the longest (Series 1b), containing 633 consecutive measurements, have already 
been analysed (STOMMEL, 1955) for another purpose. The winds in this series ranged 
from calm to Beaufort 4, with a mean slightly less than 2. To omit all series with a 
mean number greater than 2 would exclude too many data. By using 2-75, there are 
13 series which could be considered here. Except for series 1b, the remainder is grouped 
into 3 longitudinal zones off Miami : 

Group 1, (7 series) : 79° 56’ 15” W to 79° 58’ 40” 
Series 1b : 79° 55’ 25” 
Group 13 (3 series) : 79° 53’ 24” to 79° 55’ 06” 
Group 2 (2 series) : 79° 46’ 36” to 79° 49° 48”. 
The series 1b, between Groups | and 14, will be used by itself and hence excluded 
from the computations discussed below. 

In the frequency distribution of each original series, there is an unusually high 
frequency in the class interval centred at zero. In the mean, observations with no 
transverse component amount to 22 per cent of the total, in contrast to the 4 per cent 
for the GEK data, a difference due to the method used in determining the direction 
of the current vector. For the GEK data, two separate orthogonal components are 
first determined and the vector computed from them. For PILLsBuRY’s data, essentially 
the reverse procedure was followed. If 4 per cent be correct, the excess of 18 per cent 
(22-4 per cent) was reduced as follows. The class intervals were re-defined to avoid 
the origin, with the two bordering the zero absorbing the excess according to the 
ratio of (n,/n,) in the original series. As with the GEK data, after rejection of the 
4 per cent without transverse component, the single table is then separated at the 
origin to yield 2 tables from which the means x, and errors s, were computed 

*Since such external constraints as downstream channel constriction and wall friction are imposed 
continuously on the Florida Current, any transverse component, R, considered as responding to such 
constraints is also continuous. When R is taken as superimposed on a background of other mean 
transverse components, P, and P,, the two features above imply a tendency towards inequality 
in the latter. For Position 2, where R is negative, when P, and P, represent respectively the westward 
and eastward background components, then the magnitude of P, is probably greater than that of P,. 
If P, and P, are mean surface currents associated with mean, transverse internal waves, then inequality 
between P, and P, implies inequality in the amplitude of the internal waves at stages corresponding 


to troughs and crests. Considering the complexity of the density structure and the strength of the 
Florida Current such inequality seems reasonable. 
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(TABLE 3). To further reduce the existing bias, all resultant series with fewer than 25 
observations of westward or eastward component were omitted. 


Table 3. PILLSBURY’S data : various means and standard errors (in knots) (1 knot 
equals 51-48 cm/s) 


Westward component Eastward component 


Si | xj Sj 
0-270 0-009 
0-042 
0-025 0-157 0-018 
0-016 

0-023 0-201 

0-010 = 

0-013 0-260 


149 
72 213 


The choice for combining the x, into a group estimate of the mean lies between 
the unweighted mean and the sample semi-weighted mean (COCHRAN, 1954). The 
two differ little in the present case, and the former was employed for simplicity. 


Table 4. Group means, the component R, and various standard errors — PILLSBURY data 

only, but exclusive of Series 1b. The notation s.e. (%) is the standard error of %; S is 

the standard error of R; and s' is the standard error per observation in the separate 
series. Units in knots (1 knot equals 51-48 cm/s). 


Group means & Mean, net transverse component R 


| | 
Westward component | Eastward component | Component S Series 


zx s.e. (2) s.e. (%) 


0-21 003 | 0-22 0:03 — 0:04 pare! 

“05 
0-024 
0-017 
0-027 
0-021 
0-024 


0-027 
0-020 
0-061 


0-019 
0-023 


Group 13 


Group 2 


|| FRANK CHEW 
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Im 0-170 34 edt? 
In 0-213 3 a 
lo 0-229 32 a 
Is 0197 21 
It 0-120 56 a 
353 | 220 a 
Group 14 
léc 0-309 0-026 88 7 
14d 22 0-290 0-013 159 
| 159 
Group 2 Vol. 
2c — 4 0-163 0-018 64 8 
2d 0-298 0-015 
| 19 6 l 
| 
Group | 
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Finally, the group estimates for westward and eastward components were combined 
into a weighted mean to obtain the net, transverse component R (TABLE 4). S, the 
standard error of R, is the unweighted mean of all standard errors of the pooled means 
of the several separate series (i.e., all data in each series considered together). The 
pooled errors of the separate series s’/n? (TABLE 4) are included. 

As groups, PILLSBURY’s data have the same two features as that for the GEK : 

(1) an increasing n,, westward from the open water towards Miami (Table 3) 
and 

(2) a relatively constant magnitude in the mean transverse component (TABLE 4). 
Were all the data in each group obtained from one single series, much of the above 
computational procedure would be unnecessary and much of the uncertainty avoided. 
As it is, the biases vary in size from one series to another. 

Fortunately, there is the week-long PILLSBURY series of 633 observations, already 
mentioned, for which a simpler, more conventional analysis suffices. This yields a 
ratio (n,/n,) of 1-2, a mean magnitude for the westward and eastward component 
of about 15 cm/s, and a net component R of — | cm/s, which agree well with the 
other data. The standard error per observation in the series was estimated to be 
7:5 cm/s (STOMMEL, 1955), hence the standard error of R is (7-5/633*) or 0-3 cm/s. 


THE PATTERN OF THE MEAN, NET TRANSVERSE COMPONENT 


The overall pattern of the net transverse component R, westward along the western 
edge and eastward across the remainder of the Current (Fic. 1), indicates a lateral 
divergence in R which, however, is not symmetrically located, but is considerably 
off-centre. The absolute magnitude of R is about 10 cm/s. 

For both sets of independent data the components R match in all important aspects 
for locations covered by both sets of data : the sense and magnitude of R’s as well 
as the location where R’s change sign. 


DISCUSSION 


It is beyond the scope of this paper to interpret the pattern of component R, but 
some factors, applicable elsewhere, can be shown to be implausible here with the 
wind data at hand. The prevailing winds over the Florida Straits during the summer 
are easterlies. It has been suggested that these cause the westward component R 
at the western edge of the Current but that the region of the eastward component R 
is under the wind ‘ shadow’ of the great Bahama Bank. There are two obvious 
objections to this : (1) there are about as many current observations at other seasons 
as in the summer, and (2) with no high land whatever east of the Straits, it is difficult 
to see how a submerged bank casts a ‘ shadow’ across three-fourths of the Current. 

From EKMAN’s wind drift theory, there are only two wind situations that can give 
rise to transverse components in the Florida Current off Miami : one (Situation A) 
can generate the eastward component (i.e., with winds from southeast clockwise to 
northwest, and the other (Situation B) the westward component (with winds from 
northwest clockwise to southeast). 

For the region of Groups 14 and 2, and zones 3 through 9 the computed component 
R is positive. If R in this region is a wind drift, then one would expect, for equal 
conditions in Situations A and B, a far greater number of observations (N) under 
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Situation A than B. This is not true for the 9 GEK zones, though it is for the PILLSBURY 
data (TABLE 5). For the region of Group | and zones | and 2, the computed R is 
negative. If R here is a wind drift, than N in Situation B should be far greater than 
that in A. This is not so for Group 1, though it is for Zone 1, while there is about 
the same number for Zone 2. Thus 9 out of 12 cases indicate that R is not a wind drift. 
It is realized, of course, that the two situations (A, B) will not necessarily be equal 
even when their mean Beaufort numbers are equal, (as, e.g., in Group | between 
the mean Beaufort number of 2-01 for Situation A and 1-96 for Situation B) since 
wind direction, persistence, etc., must also be considered. Nevertheless, with the 
exclusion of data collected on windy days, the conditions may be considered as equal 
for our purposes. 

For Situation A, a westward current component is opposed by the winds, while 
for B, an eastward component. For both PILLsBury’s and the GEK data, for both 
wind situations, and for all positions and groups, there are always current components 
opposed by the winds (TABLE 5). And when the ratio (n,/n,) and its reciprocal are 
formed, they indicate a pattern for the western half of the Current (TABLE 5). Consider- 
ing the widely different circumstances under which the two sets of independent data 
were collected, the existence of the opposing current and the common ratio trend 
suggest that they provide information characteristic of the Florida Current itself. 

Finally, if an extended series of observations were obtained in calm weather, the 
complication of wind drift could be completely resolved. This ideal situation is not 
realized, but scattered in PILLSBURY’S series are a limited number of current observa- 
tions (TABLE 6) made in weather reported as Beaufort zero. However, because of 
the small number and such factors as tides, internal waves and tidal modulation of 
transport, error will be large. Despite this, the pattern here is in agreement with 
those in a more general situation. 


Table 6. Transverse component from PiLLSBURY’S observation made in calm weather. 
(1 knot equals 51-48 cm/s). 


Number of observations with 
Series westward component eastward component |Mean transverse components 


Is, It 19 0 — 0-16 knots 
lc, 14d 23 0:25 
2d 0 16 0-29 


For convenience, the transverse component was defined as perpendicular to the 
magnetic north. One perpendicular to the contour of equal surface height is physically 
more meaningful. From tidal data and first order levelling (maximum precision) 
between Key West and Miami, the mean downstream sea level drop over an eight 
year period was computed to be 4-9 cm along the western edge (MONTGOMERY, 1941). 
In the Current proper, because of the magnitude of downstream surface acceleration, 
there must be a corresponding downstream sea level drop of more than 5cm. Thus, 
the direction of the sea surface contour off Miami is oriented east of true north. 
The geostrophic component corresponding to the 4-9 cm drop is 3 cm/s which presum- 
ably applies to the zone west from longitude 79° 55’ to Miami. If, in this zone, 
the geostrophic north component decreases westward from 110 cm/s at the eastern 
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edge to 50.cm/s off Miami, then the orientation of the contour varies from about 
1-6° to 3-4° east of true north. In 1885 (PILLsBuRY, 1890) the magnetic north was 
1-3° east of true north, and from 1951-1958 about 0-8° east of true north. Therefore, 
the pattern of westward component plotted west of longitude 79° 55’ (Fic. 1) is also 
nearly that of the transverse ageostrophic component there (being only slightly less 
than the latter). 


CONCLUSION 


1. The GEK fully measures the transverse current component of the Florida 
Current off Miami. 2. In the surface layer of the Current, there is net, transverse 
current component : westward along the western edge of the Current, and eastward 
eastward across the remainder. 


Gulf Coast Research Laboratory, 
Ocean Springs, 
Mississippi 
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Vertical zonation in the distribution of deep-sea benthic 
fauna in the ocean* 


NinA G. VINOGRADOVA 


WITH the accumulation of information on the distribution of animal life in seas and 
oceans, differences in the inhabitants at different depths become increasingly evident. 
These differences are shown by the kinds of animals occurring at different levels, 
by their abundance (i.e., numbers) and by modification of such characteristics as 
colouring, size, feeding habits, breeding, etc. On the other hand, the dissimilarities 
among animals living at different depths are reflected in various schemes of vertical 
zonation on the ocean floor and in the whole water mass of the world ocean. Forty 
or more such schemes have been suggested by many authors. 

Recent work on board the Soviet Research Vessel Vitiaz, the Danish Galathea 
and the Swedish Albatross have greatly added to our knowledge of the fauna at 
great depths. Living animals have been recorded as deep as 10,700 m. The material 
collected on these expeditions reveals some fundamental regularities in the distribution 
of deep-sea animals, which make it evident that the existing schemes of vertical 
zonation must now be revised. From an analysis of the differences in the distribution 
of benthic animals in the Kurile-Kamchatka trench, L. A. ZENKEVITCH and 
J. A. BIRSTEIN (1955) delimited several levels of the deep-sea bottom fauna including 
a distinct. ultra-abyssal zone in depths greater than 6000 m - the zone of trenches of 
BIRSTEIN, VINOGRADOV, TSCHINDONOVA (1954) or the zone of superoceanic depths 
of ZENKEVITCH (1953). The existence of an endemic ultra-abyssal fauna is further 
corroborated by the collections of the Galathea (‘ hadal’ fauna of BRUUN, 1956, 
1957, WoLFF, 1960) and A/batross expeditions. 

The present paper is based on data obtained on recent expeditions as well as on 
material from earlier Russian and foreign expeditions that have collected deep-sea 
animals. From the published records of these expeditions together with other data 
on the vertical distribution of deep-sea invertebrates in depths exceeding 2000 mf, 
belonging to the following groups, Spongia, Coelenterata, Crustacea (Cirripedia, 
Isopoda and Decapoda), Pantopoda, Echinodermata (Crinoidea, Asteroidea, 
Echinoidea, Holothurioidea) and Pogonophora, a total of 1144 species are known. 
From these records, it appears that the number of species living between 2000 m and 
6000 m decreases fairly rapidly. Thence down to the greatest depths investigated 
(11,000) they decrease much more slowly (Fic. 1). From the vertical distribution of 
individual groups of deep-sea invertebrates, it appears that there is a general increase 
in the total number of species in depths of roughly 3000 to 4000-4500 m. The depth 
of the maxima in these different groups tends to vary somewhat. For most groups — 
Spongia, Isopoda, Spinulosa, Forcipulata, Holothurioidea — these occur at depths of 
2500-3000 m and 4000-4500 (Fics. 2 and 3). In two other groups a maximum was 

*Résumé of a paper published in Trudy Instituta Oceanologii, Akademiia Nauk, S.S.S.R., 27, 


86-122. 1958. 
+For a bibliography, see VINOGRADOVA (1958). 
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observed at 3000-3500m without any other obvious maximum. In Cirripedia, 
Decapoda, Crinoidea and Echinoidea — there are apparently no maxima whatever 
(Fic. 4). Consequently no general increase in the total number of species was noted 
in depths of roughly 3000 and 4000-4500 m. However, in all the groups mentioned, 
an abrupt change in the taxonomic composition does exist at these depths. 


Number of species 


250 300 


10,000 


Fig. 1. Vertical distribution of deep-water bottom invertebrates. (a) total member of species; 
(b) number of species whose upper limit of habitat lies in this layer; (c) number of species 
whose lower limit of habitat lies in this layer. 
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Fig. 2. Vertical distribution of deep-sea sponges which are found at the depths greater than 
2000 m. 


The depths at which these taxonomic changes occur differ somewhat in various 
groups. Thus in Spongia, Cirripedia, Isopoda, Decapoda, Forcipulata, Crinoidea 
and Holothurioidea these take place at 2500-3000 m and at 4000-4500 m, but in 
Coelenterata, Phanerozonia, Spinulosa and Echinoidea they are at the 3000-3500 m 
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and at 4500-5000 m (Fics. 2, 3 and 4). In some groups (Spongia, Isopoda, Holothur- 
ioidea), there seems to be still another faunal change at 6000-7000 m, as indicated 
by some increase in the total number of species in depths greater than 6000 m. This 
is also true for the deep-sea Isopoda of the sub-order Asellota (WoLFF, 1956). More 
detailed data are presented by N. G. ViINOGRADOVA (1958) and for the ultra-abyssal 
zone by T. WoLFF (1960) in support of these observations. 


Number of species 


10.000) 


‘1000 
Fig. 3. Vertical distribution of deep-sea holothurians which are found at the depths greater 


than 2000 m. For an explanation of the curves, see Fig. 1. 


Number of species 


Fig. 4. Vertical distribution of deep-sea decapods which are found at the depths greater than 
2000 m. For an explanation of the curves, see Fig. 1. 


The changes in the taxonomic composition of the bottom fauna are most pro- 
nounced in depths of about 3000 m. Here a great number of species and even whole 
groups of animals, widely distributed in the bathyal and even sublittoral zones of the 
ocean disappear and are replaced by many new species, and, still more important by 
genera and families characteristic only of oceanic depths greater than 3000 m. We 
believe, therefore, that this is the upper limit of the abyssal zone of the ocean. 
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Obviously it does not coincide exactly with the 3000 m isobath but rather a well 
defined transition layer exists between the bathyal and abyssal faunas in depths of 
2500 to 3500 m. This limit is also indicated by recent investigations on Foraminifera 
(STSCHEDRINA, 1958; SatpOvA, 1958) and on fishes (ANDRIASHEV, 1958). 

These regular, more or less abrupt changes in the fauna at certain depths in the 
ocean make it possible to subdivide the abyssal zone into two subzones, each charac- 
terized by its own, more or less discrete fauna : (1) an upper-abyssal subzone with an 
upper limit at 3000 m and a lower one at about 4500 m and (2) a lower-abyssal sub- 
zone in depths of 4500-6000 m. In the latter, the fauna has a predominance of 
species, rarely genera, characteristic only of depths greater than 4500 m. No higher 
taxonomic units restricted only to these depths are present. Many species, as well as 
characteristic genera and families of animals recorded only from depths greater 
than 6000 m (ZENKEVITCH, BELYAEV, BIRSTEIN and FILATOVA, 1959; WoLFF, 1960) 
(Fic. 5) delimit a distinct, well-defined ultra-abyssal zone. The number of these 
species may be expected to increase as more material is worked up. A preliminary 
estimate indicates that 58-5 per cent of the species of the abyssal zone (in depths 
ranging from 3000 to 6000 m) are endemic. Thus, BIRSTEIN reports that 62 per cent 
of the invertebrate species in the ultra-abyssal zone are endemic, and WOLFF (1960) 
records 58 per cent of them as endemic. 
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Fig. 5. Scheme for the vertical zonation of the abyss. 
(a) boundary of the abyssal zone. (b) upper-abyssal subzone. 
(c) lower-abyssal subzone. (d) ultra-abyssal zone. 


It was found that the depths, where the most abrupt changes in the deep-sea 
fauna occur are similar in all oceans, the Atlantic, Pacific and Indian. Consequently, 
it may be assumed that certain common factors have affected and perhaps still affect 
the distribution of most of the deep-sea bottom fauna in the whole World Ocean. 
The boundaries which we have defined may vary in some regions depending on the 
configuration of the ocean floor and the distribution of certain environmental factors. 
It appears that the upper-abyssal and lower-abyssal subzones may shift upwards 
in closed basins and especially in marginal seas. Obviously, an ultra-abyssal zone 
does not occur in these areas. 

The causes for the zonal distribution of deep-sea bottom animals are still not 
properly understood. It must be sought, however, in the ecological relationships 
of animals living in the greatest depths. Thus, the existence of the present deep-sea 
fauna may be correlated in part with a zonation of various environmental factors, 
as suggested by EKMAN (1953) and in part with the geological history. M. N. SOKOLOVA 
concluded that all the major changes in the ratio of the three main feeding types 
among deep sea bottom invertebrates (seston-feeders, detritus-feeders and carnivores) 
are related to depths of 3000, 5000 and 8000 m. The most definite limits to the distribu- 
tion of these groups lie at 3000 and 8000 m (SoKOLOva, 1956, 1959a, 1959b). Her 
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results agree well with the levels where the most pronounced faunal changes occur. 
These subsurface depths coincide with the steepest portion of the hypsographic 
curve of the earth’s crust and with its inflections, i.e., at depths of 3000, 6000 and 
4500 m (Fic. 2) where the environmental factors also seem to vary. These may be 
associated with changes in the general configuration of the ocean bottom. Hence, 
it too may directly influence the distribution of the bottom fauna. M. N. SOKOLOVA 
(1956, 1959a, 1959b) has suggested that the concentration of suspended matter 
in the bottom water-layer may be one such factor. The greatest convexity of the 
hypsographic curve coincides with a high concentration of particulate matter, favour- 
able to an abundance of seston-feeding animals. On the other hand the zone of 
greatest convexity coincides with a layer of rapid sedimentation and a high concentra- 
tion of organic carbon in the bottom deposits, favourable to all three feeding groups — 
seston-feeders, detritus-feeders and carnivores. 

In the abyssal depths of the ocean a very important part is played by ancient 
groups of invertebrates, such as Spongia, Triaxonida, Porcellanasteridae, Asellota 
and others. It is the curves of their vertical distribution that exhibit the most pro- 
nounced deep-sea maxima and it is the abyssal fauna of these groups that is most 
sharply delimited from the fauna of the bathyal (VINOGRADOVA 1958b; ZENKEVITCH 
and BIRSTEIN, 1960). The zonation of the deep fauna suggests that the vertical distri- 
bution existing today may have been determined by the conditions existing in past 
geologic time. It may be assumed that the rate of migration to the great oceanic 
depths was not uniform and that the colonisation took place in several stages, as has 
been demonstrated by BEURLEN (1931) for the deep-sea Decapoda. This scheme for 
the vertical zonation of the abyssal zone of the ocean with some changes has been 
accepted as a part of the general scheme for the vertical zonation of the whole ocean 
proposed by some Soviet marine hydrobiologists (BELYAEV, BIRSTEIN, BOGOROV, 
VINOGRADOVA, VINOGRADOV, ZENKEVITCH, 1959). 
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Quantitative distribution of deep-sea plankton in the 
western Pacific and its relation to deep-water circulation* 


M. E. VINOGRADOV 


INVESTIGATIONS in recent years have revealed the existence in many oceanic regions of 
deep water currents with fairly high velocities, comparable to those of surface currents 
(Wust, 1955; SWALLOW and WoRTHINGTON, 1957; STOMMEL, 1957; FEDOROV, 1958), 
but little is known as yet about the relation between the distribution of deep-sea 
animals and deep-currents, though some research work has been done on this problem 
(SEWELL, 1943; Cog, 1946 and others). Still fewer data are available on the quantita- 
tive distribution of plankton. There are few published accounts (JESPERSEN, 1935; 
Leavitt, 1938) and these are limited to depths of less than 2000 m. On the other hand, 
the plankton distribution in the deep water layers offers a very valuable index for 
tracing the whole water mass. 

Before discussing the relation between currents and quantitative deep-sea plankton 
distribution certain features of this distribution in the regions of the Pacific ocean 
between 50°N and 63°S, investigated on board the Vitiaz and Ob during 1953-1958 
should be considered. At 14 stations plankton was collected from depths down to 
4000 m and at 6 stations in the Kurile-Kamchatka, Marianas, Bougainville and 
Kermadec trenches from depths of 8000 m (Fic. 1). The material was collected by 
vertical hauls from several levels (0-50, 50-100, 100—200, 200-500, 500-1000, 1000-2000, 
2000-4000, 4000-6000, 6000-8000 m) made with Bogorov-Rass closing nets (a 
modification of the Juday net), with a mouth opening of 113 cm in diameter but with 
a maximum diameter of 140 cm at the base of the filtering cone. The filtering area 
of the net was made of bolting silk No. 140 (14 meshes per one linear cm). 

Seven deep-sea stations in the Kurile-Kamchatka, trench yielded the first informa- 
tion about the quantitative distribution of plankton in great depths (M. E. VINOGRADOV, 
1954, 1955, 1959). There the quantity of plankton decreases with depth fairly rapidly, 
though not uniformly down to 500-1000 m. From 1000 m and deeper it decreases 
exponentially at a much slower rate, but more or less uniformly. Below 6000 m the 
decrease is again somewhat more marked, so that in the 6000-8000 water layer the 
biomass of plankton is but one thousandth that in the upper 50 m. The distribution 
of plankton in depths greater than 1000 m was monotonous. The variations observed 
at similar levels at each of the seven stations were less than 30-35 per cent. 

Similarly at all stations in boreal waters the ratio between the surface (0-500 m) 
and deep-sea plankton (500-4000 m) remained quite constant. The surface plankton 
amounted to about 65 per cent of the total biomass in the 4000 m water column 
and the deep-plankton to about 35 per cent. This might be expected, since the surface 
plankton eventually provides the food for all the animals at great depths, and its 
abundance therefore directly influences that of the deep-sea plankton. Deep hauls, 
made in the high latitudes of the Southern Ocean, where the biomass of surface 


*Résumé of a paper published in the Trudy Instituta Oceanologii, Akademia Nauk, S.S.S.R., 
41, 55-84. 1960. 
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plankton is similar to that of the north-western Pacific (or but slightly lower) (BRODSKY 
and VINOGRADOV, 1957) yielded approximately the same quantities as were obtained 
at corresponding depths in the Kurile-Kamchatka trench (i.e., 19-8-22-4 mg per | m* 
as compared with 16-7—28-8 mg per | m* in the 1000-2000 m layer). 
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Fig. 1. Stations of the oceanographic ships Vitiaz and Ob where quantitative samples of 
deep-sea plankton were taken. 
Symbols : @ stations with rich surface and deep-sea plankton. 
) stations with poor surface and enrichened deep-sea plankton. 
stations with no enrichment of deep-sea plankton. 


The vertical distribution as described above and the ratio between the surface and 
deep-sea plankton remains much the same over most of the tropical region. The 
only difference in contrast to the boreal region is a somewhat more rapid decrease of the 
plankton biomass with depth. Hence, the deep sea plankton (particularly below 4000 m) 
is much sparser compared to the surface plankton than it is in temperate regions (FIG. 2). 

Since, in the regions investigated, the tropical surface waters are far poorer in 
plankton (only about 1/10-1/20) than in polar and sub-polar regions, the deep-sea 
plankton is likewise correspondingly much poorer. The quantitative differences 
between the tropical areas investigated were far less pronounced than those between 
tropical and the temperate latitudes. Thus, these have little effect on the abundance 
of deep-sea plankton (FiG. 3) (TABLE 1). 


4 + 
: 
“a 
80° 
4 
©2208 
21244 2120 
| 
2119 
sore” | 
24017 
D 363! 3876 | 
| 
23829 
| 
08 
08 48 08 
‘a 
: 
A 
a 


Quantitative distribution of Deep-Sea Plankton in the Western Pacific 


— 


Trenches 
| —Kurile-Kamchotko (average) 
a 2-Kermadec (st.N 3829) 
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i 4-Marianas (st.N 3686-3689) 


0-01 10 100 


8 


maq/m> 
Fig. 2. Vertical distribution of plankton biomass in deep-sea trenches : | — temperate region; 
3-4 tropical region. 


st.N 3810 
2-st.N 3876 
3- st.N 3686-3689 
4- st.N 3804 
5- st.N 3824 
6- st.N 2208 
7- st.N 2119 
8- st.N 2120 
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100 


Fig. 3. Distribution of plankton biomass in the tropical region (T) in areas with no enrichment 
of deep-sea plankton. For comparison, the distribution of plankton biomass in the boreal 
region in the North-western Pacific (B) is also shown. 
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This pattern of vertical distribution did not extend over the entire tropical region. 
In the areas adjacent to the borders of the north-temperate and south-temperate 
(or antiboreal) regions, which, in the western Pacific in the surface layers lie approxi- 
mately along the parallels 40°N and 40°S and are very clearly defined, the vertical 
distribution of the deep-sea plankton presented a somewhat different picture. Thus, 
at one station (30°N, 153°E) the biomass below 500 m was disproportionately high 
compared to that in the upper layers. It decreased much more slowly with depth 
than at stations in lower latitudes. 

The plankton distribution in the surface layers was characteristic for tropical 
regions (Fic. 4), but in the deep layers it resembled that in boreal waters. Here 
obviously, the usual relationship between surface- and deep-sea plankton does 
not hold. In the 500-4000 m layer, the plankton biomass increases from 35 per cent 
to 67 per cent of that for the 0-4000 m water column as a whole. 
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Fig. 4. Vertical distribution of plankton biomass at some stations in the zone of an inflow 
of deep waters from temperate latitudes. Distribution in the Kurile-Kamchatka trench (K) 
and tropical Marianas trench (M) given for comparison. 


Our data indicate that the abundance of deep-sea plankton is relatively greater 
the nearer the station is to boreal waters and vice-versa. In the western Pacific 
(150°E) this relationship is still noticeable up to 20°N in depths greater than 1000 m, 
but not in the central Pacific (180°). In the eastern Pacific (140°W) it was very slight 
even at 25°N and then only in the bottom layers at depths greater than 2000-3000 m. 
The greater abundance of plankton in the deep layers can be explained here by the 
inflow of deep waters from the temperate regions, which transports the relatively 
richer plankton of temperate latitudes together with a great amount of organic matter. 
As these waters flow toward the equator the plankton decreases as the individuals 
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die off or are preyed upon by other animals, but still there are the products of their 
metabolism, their skeltons and the remaining plankton to serve as food for deep-sea 
organisms in the tropical region. 

Judging from the distribution of the plankton biomass, the most intensive displace- 
ment of deep waters in the North Pacific takes place in its western part. Here, to the 
east of Japan the whole water mass from 500 m to the bottom moves towards the 
south. In contrast, the counter-current of ‘deep’ waters flowing northwards is 
slight in this part of the Pacific and could not be traced by means of the plankton 
distribution. 

A different situation esists in the south-western Pacific. Here, to the north-east 
of New Zealand (30°S, 177°W) the greater abundance of the deep-sea plankton exists 
in the 500-1000 layer and below 2000 m (Fic. 4), i.e. at depths, that correspond to an 
inflow of antarctic waters. This is however somewhat less than that to the southwest 
of Japan. The 1000-2000 layer is characterized by a low plankton biomass, which 
seems to be determined by * deep’ tropical waters poor in plankton, flowing to the 
south. Thus, in the southern hemisphere the distribution of the plankton biomass 
agrees well with with deep water circulation suggested by WUst (1929) and later by 
STOMMEL (1957), MoRoMTSEV (1958) and others. 

The inflow of deep waters from temperate latitudes is confirmed too by the quali- 
tative composition of plankton: many deep-sea species, numerous in the deep 
waters of temperate regions, are carried by these currents far into the tropical region. 
In the northwestern Pacific among such species are for instance the amphipods 
Paracallisoma alberti, Koroga megalops, Eusirella multicalceola, Rhachotropis natator, 
Halice shoemakeri and others. They are found as far south as 25—23°N, i.e. some 
1600-1800 km south of the boreal region. Species of antarctic and subantarctic 
deep-sea amphipods, such as Hirondellea antarctica, Euandania gigantea, Orchomenella 
abyssorum and others are encountered north to 25-28°S (TABLE 2). Similar examples 
are found among other pelagic animals : Copepoda, Decapoda, Coelenterata, etc. 
Using the qualitative composition of the plankton as an index, the movement of deep 
waters from temperate region toward the equator can be followed to about the same 
latitudes as by means of its quantitative distribution. The penetration of deep suban- 
tarctic waters northwards toward the equator has also been traced by the distribution 
of micro-organisms (Kriss, ef a/., 1958). 

We know that the flow of deep waters in the Pacific is much weaker than in the 
Indian Ocean, and far weaker than in the Atlantic ocean. Therefore it may be expected 
that in the Indian and the Atlantic oceans the influence of deep polar and sub-polar 
waters will be much stronger and extend for a greater distance toward the equator, 
than in the Pacific. 

In the western Indian ocean, and especially in the western Atlantic ocean, the 
influence of antarctic waters is even more pronounced and some deep-sea antarctic 
species penetrate as far as the equator. Thus Koroga megalops and Cephalophanes 
frigidus were discovered in the Arabian Sea and the typical antarctic-subantarctic 
Euandania gigantea — in the waters off Bermuda. Several similar examples are cited 
SEWELL (1948) though we cannot agree with his too broad interpretation of the trans- 
port of deep sea copepods from the North Atlantic into the other oceans. 

In the Atlantic many deep-sea animals from temperate regions are transported 
through the tropical region by deep antarctic and North Atlantic water. In the 
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Pacific Ocean, on the other hand, especially in the western part this phenomenon 
occurs to a far lesser degree. 


Table 2. Localities of capture of some deep-sea Pacific Ocean Pelagic Amphipods 
in the Tropical Region which ordinarily live in the Temperate Regions north of 
40°N and south of 40°S. 


| 
Region usually inhabited | Localities where amphipods 
Species by deep-sea pelagic were captured in the tropics 
amphipods 


Paracallisoma alberti | north and south polar : 29° 02’N_ 153° 59’E 
temperate 


Hirondellea antarctica south polar 25° 37’S_ 184° 35’E 


Koroga megalops north and south-temperate | 27° 55’N__ 133° 37’E 
32° 00’S_ 182° 47’E 


Orchomenella abyssorum south polar and temperate 32° 00’S_ 182° 47’E 
Euandania gigantea south polar and temperate 23° 143° ST 
Halice shoemakeri north-Pacific : temperate 23° 35’'N_ 144° 12’E 
Rhachotropis natator north-Pacific : temperate 30° 53’'N_ 153° 09’E 


Eusirella multicalceola north-Pacific : temperate 30° 53'N_ 153° 
31° 22’N 151° 10’E 


Scypholanceola vanhoeffeni Pacific Ocean : temperate 27° 04'N_ 135° OO'E 
143° 


It may be assumed, however, that in earlier geologic times, when the flow of deep 
waters was far stronger, as it must have been during the ice-age (REVELLE, 1957), 
some deep-sea pelagic animals with a bipolar range in the Pacific (Koroga megalops, 
Paracallisoma alberti, Scypholanceola vanhoeffeni and others) were distributed over 
the entire ocean in the waters originating at the poles. Mention of changes in the 
intensity of the deep water circulation related to general climatic changes has been 
made by (1958) and EMILIANI (1955). 

By inference therefore a change in the strength of the flow toward the equator of 
the deep cold waters may have resulted in the bipolarity of deep sea pelagic animals. 


REFERENCES 


Cor, W. (1946) The means of dispersal of bathypelagic animals in the North and South 
Atlantic oceans. Amer. Nat., 80, 453-469. 

Bropskyi, K. A. and VinoGRAbDov, M. E. (1957) On the distribution of plankton in the 
Indian part of the Antarctic Ocean. Doklady Akad. Nauk, SSSR 112, (5), 957-960. 
(In Russian). 

EmILIANI, C. (1955) Pleistocene temperatures. J. Geol. 63 (6), 538-578. 

Feporov, K. (1960) The deep-sea currents in the cruise region. Trudy Inst. Ozeanol. 40, 
162-166. (In Russian). 

JESPERSEN, P. (1935) Quantitative investigations on the distribution of macroplankton in the 
different oceanic regions. Dana Report, 7, 3-44. 

Kriss, A. E., Lepepeva, M. N., Asisov, S. S. and Mitrzxkevicn, I. N. (1958) Micro-organisms 
as indicators of hydrological phenomena in seas and ocean. Zhurn. Com. Biol., Moscow, 
19 (5), 397-413. (In Russian). 


on 
* 
4s 
3 
a 
3 4 
2 
3 
ge 
“a 
Fe 
« 
q 


258 M. E. VinoGRADOV 


Leavitt, B. B. (1938) The quantitative vertical distribution of macrozooplankton in Atlantic 
ocean basin. Biol. Bull. 74 (3), 376-394. 

Muromtsev, A. M. (1958) Peculiarities in the hydrography of the Pacific ocean. Leningrad, 
1-632. (In Russian). 

REVELLE, R. (1957) Deep-Sea research as a co-operative enterprise. Proceedings of the 
Symposium on aspects of Deep-Sea Research. (W. S. von Arx, Edit.). Nat. Acad. 
Sci- Nat. Res. Counc. Publ. 473, 163-168. 

Sewe._, R. B. Seymour (1948) The free-swimming planktonic Copepoda. Geographical 
distribution. John Murray Exped., 1933-1934, Sci. Rep., 8 (3), 317-592. 

STOMMEL, H. (1957) The abyssal circulation of the ocean. Nature, Lond. 180 (4589), 733-734. 

Swa._ow, J. C. and WorTHINGTON, L. V. (1957) The measurements of deep currents in the 
western North Atlantic. Nature, Lond. 179, (4571), 1183-1184. 

Upba, M. (1958) On the abyssal circulation in the Northwest Pacific area. Geophys. Mag.., 
Tokyo, 28 (3), 411-416. 

ViNoGRAVDoV, M. E. (1954) The vertical distribution of the zooplankton biomass in the 
Kurile-Kamchatka trench. Dokl. Akad. Nauk, USSSR. 96 (3), 637-640. (In Russian). 

VinoGRADoV, M. E. (1955) Pattern of the vertical zooplankton distribution in the waters 
of the Kurile-Kamchatka trench region. Trudy Inst. Oceanol. 12, 177-183. (In Russian). 

VinoGRADov, M. E. (1958) On the vertical distribution of deep-sea plankton in the west 
part of the Pacific ocean. XV-th Intern. Congr. of Zoology, Sect. Ul. 

VinoGRADOV, M. E. (1959) Uber die quantitative Verbreitung des Tiefseeplanktons im 
nordwestiichen Teil des Stillen Ozean. Intern. Rev. Gesamte Hydrobiol. 44 (2), 217-225. 

Wust, G. (1929) Schichtung und Tiefenzirkulation des Pacifischen Ozeans. Verdffentlich 
Inst. Meeresk. Geogr., Naturwis. Reihe, 20, 1-64. 

Wust, G. (1955) Stromgeschwindigkeiten im Tiefen- und Bodenwasser des Atlantischen 
Ozeans auf Grund dynamischer Berechnung der Meteor—Profile der Deutschen Atlantischen 
Expedition 1925-27. Pap. in Marine Biology and Oceanography, Suppl to Vol. 3, Deep-Sea 
Res., 373-397. 


Ae 
> 
rT 
| 
VO 
8 
gt 96 i= 
: 
| 
| 
4 
> 


SHORTER COMMUNICATIONS 


A preliminary study of the oxygen and phosphate distribution in the 
Mediterranean Sea* 


Davin A. McGILL 
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Woods Hole, Massachusetts 


(Received 1 April 1960) 


Abstract—Observations in the eastern Mediterranean basin confirm POLLAK’s suggestion (1951) 
that the deep water there originates in the southern Adriatic Sea by the mixing of water masses 
under the influence of the prevailing winter wind. This water then sinks and flows along the bottom 
into the eastern Mediterranean, moving counter-clockwise. Such a flow is confirmed by the distribu- 
tion of oxygen in the deep water of the entire eastern Mediterranean Sea. In the western Mediter- 
ranean a deep water mass is produced at the northern end of the Algiers—Provengal basin in winter 
and shows a similar spread toward the south. Oxygen and phosphate concentrations indicate a low 
level of biological productivity throughout the year except for localized inshore regions and in the 
enclosed bays. The concentration of nutrients in the western basin is about twice that of the eastern 
basin but it is still below the concentration of the neighbouring Atlantic. 


INTRODUCTION 


SincE the Danish Thor expeditions of 1908 and 1910 first provided a general survey of the major 
Mediterranean basins (NIELSEN, 1912; JACOBSEN, 1912; THOMSEN, 1931), the many countries 
that border the Mediterranean Sea have conducted numerous hydrographic studies there. Recent 
papers have examined in detail the circulation in the coastal regions of the western basin 
(FURNESTIN, 1960a, b) and also the deep water circulation in general (LACOMBE and TCHERNIA, 
1960; Wiist, 1960). In midsummer, 1958, the R.V. Aflantis (Cruise 242) occupied a series of 
stations in the Mediterranean, especially to study the deep water oxygen and nutrient distribution, 
including both inorganic and total phosphorus, in addition to standard hydrographic observations. 
Chain Cruise 7 in June 1959 provided additional information for the western basin. A previous 
survey, Atlantis Cruise 151 in the winter and spring of 1948, also obtained data on the distribution 
of oxygen and nutrients (BumMpus, 1948). 

Temperature measurements were made with reversing thermometers and salinity determinations 
by salinometer (At/antis 242, Chain 7) or Knudsen titration (Atlantis 151). Dissolved oxygen was 
determined by the Winkler titration method with a potassium dichromate standard (THOMPSON and 
ROBINSON, 1939). Inorganic phosphate was measured by the molybdenum-blue technique 
of RoBINSON and THOMPSON (1948) and the electric eye photometer of Forp (1950), using the 29 
cm tube because of the low concentrations. The phosphate readings of 1958 and 1959 were 
corrected for the effect of temperature (MCGILL ef al., 1959). Total phosphorus was analyzed 
by the procedure of KETCHUM ef al. (1955). 

A series of east-west profiles in the deep, southern regions of the major basins was prepared 
from the Atlantis data, as shown in Fic. 1. A north-south section across the central western 
basin at 6°00’E long. (USNS Chain Cruise 7) is directly comparable with recent studies along 
the same longitude at other seasons of the year (TCHERNIA, 1954, 1956). 


*Contribution No. 1098 from the Woods Hole Oceanographic Institution. This study was sup- 
ported in part by the Office of Naval Research under contracts Nonr-2196 (00) and Nonr-1367 (00) 
and by the National Science Foundation from funds granted in support of the International Geo- 
physical Year. 
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OBSERVATIONS 


The temperature and salinity profiles presented in Fic. 2 and Fic. 3 do not differ substantially 
from earlier observations and confirm the general conclusions regarding the circulation in the 
Mediterranean (NIELSEN, 1912; Wist, 1960; LACOMBE and TCHERNIA, 1960). The oxygen and 
phosphate profiles in Fics. 4 and 5 add some details for the deep water circulation patterns. POLLAK 
(1951) showed that little water was added to the eastern basin from the Aegean Sea. Oxygen 
distribution (Fic. 4) supports his suggestion that subsurface water from the Adriatic Sea forms 
the bottom water of the Ionian basin since the highest oxygen values are found near the Strait 
of Otranto at the entrance to the Adriatic Sea (POLLAK, 1951) and along the western side of the 
lonian basin (Fic. 4). This oxygen pattern suggests a counter-clockwise circulation of the deep 
water of the eastern Mediterranean, with Adriatic water following the bottom as it enters the 
northwestern Ionian Sea and gradually rising to mid-depths along the southwest shore. A source 
of new bottom water spreading from the northwest across the basin is suggested by the oxygen 
profile (Fic. 4); and this is especially strong during the winter, the time of formation of new bottom 
water in the Adriatic Sea. The rate of flow of the newly-formed bottom water cannot be estimated 
as it moves into the Ionian basin, although POLLAK stated that it ‘ moves sluggishly.’ 

Distribution of inorganic phosphate in the eastern Mediterranean (FiG. 5) provides more 
detail on this circulation. The deep water of Adriatic origin does not appear as a very rich 
phosphate source. There are insufficient data to determine how much phosphate may be derived 
from the Suez Canal, or more especially from the Nile River effluent. In a preliminary assessment 
of the Nile flood and its effect on coastal nutrients off the coast of Israel, OREN (1952, p. 9) noted 
that this water ‘ travels from the Delta in the south along the whole eastern Mediterranean coast 
and reaches as far north as the Gulf of Alexandretta ’ (36° 30’N, 35° 30’E). Some phosphate 
may derive from drainage on the slopes of Asia Minor along the northeastern edge of this basin. 
In any event the phosphate is then distributed westward in the high salinity intermediate water 
circulation, arising from excessive evaporation in winter. 

Beyond the Straits of Sicily in the western Mediterranean, the oxygen and phosphate 
distribution suggests a source of deep water in the north of the Algiers-Provengal basin. 
FURNESTIN (1960a) found a similar northern source for the deep water at the western boundary 
of this basin and in the Alboran Sea. Nie_sen (1912) identified the region of origin for bottom 
water as near the French and Italian Rivieras, believing that no bottom water was formed in the 
Tyrrhenian Sea; recently Cooper (1958) has disputed this interpretation. Available data from the 
Algiers-Provengal basin west of Sardinia and Corsica suggests that new bottom water is produced 
in the north. TCHERNIA (1958) points out that there is a convergence in the region of 42°N lat. in the 
Algiers-Provengal basin that persists over the whole year, although it is most marked at the end 
of the winter period (Fic. 6). Oxygen and phosphate data of the June 1959 profile (Fic. 7) demon- 
strate a boundary very clearly in the region between 42°N and 43°N. Minimum oxygen values 
are about 0°20 ml/I higher in this area than elsewhere in the section. Concentrations of inorganic 
and total phosphorus are also increased. 

According to TCHERNIA (1960) the continental winds cause an increase in salinity and a drop 
in the temperature of this offshore region which results in an increase in density. In winter, when 
the effect of the winds is greatest, mixing is increased and a vertical sinking movement results 
from the exchanges between surface and deep layers. Bottom water is carried down from the 
surface region near the coast (see Station 78) and spreads out southward across the basin. Some 
of this new deep water may also be carried into the deeper areas of the northwestern perimeter 
(Bouais et al., 1956, 1957; FURNESTIN, 1960a). These are nearly the same conditions in the bottom 
water circulation that were seen to exist in the eastern basin, producing a southward, counter- 
clockwise circulation of bottom water. The rate of movement of this bottom water has not been 
measured. 


DISCUSSION 


The Mediterranean may be considered an improverished area with a low nutrient level in- 
sufficient to support a large biomass. The entering Atlantic surface water has a low phosphate 
level which is unable to replenish the loss of nutrient-rich water that flows out at the Gibraltar 
sill. THOMSEN (1931) has established this exchange of water through the Straits of Gibraltar as 
the cause of an exhaustion of nitrate and phosphate in the Mediterranean. According to BUMPUS 
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Fig. 2. Distribution of temperature (°C) along east-west sections from A/flantis cruises 151 
and 242 (Fic. 1) For all three seasons the isotherms show a marked upward gradient westward, 
even during the pronounced summer heating of the surface layers. The temperature in the deeper 
layers shows a less marked increase at midsummer. The inflowing Atlantic surface water cannot 
be traced on the temperature profiles for any great distance into the Mediterranean as the 
profiles are north of the main current. Adiabatic heating is effective in the Mediterranean 
below a depth of approximately 1000 m and accounts for the observed rise in temperature near 
the bottom of the profiles. 
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Fig. 3. Distribution of salinity (%,) along east-west sections from A/f/antis cruises 151 and 

242 (Fic. 1). A pronounced tongue of high salinity water is found at the extreme eastern end 

of the profiles. It is derived from surface water in the eastern Levantine basin where evaporation 

greatly exceeds precipitation. The extent of this *‘ Levantine water,’ found at intermediate 

depths in the western Mediterranean, is greatest during the summer. Entrance of low salinity 

Atlantic surface water causes the sharp decrease of surface salinity values at the western end 
of the section. 
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Fig. 4. Distribution of oxygen (ml/l) along east-west sections from A//antis cruises 151 and 
242 (Fic. 1). East of the Straits of Sicily there is no marked oxygen minimum layer at inter- 
mediate depths (200-600 m), but oxygen values decrease steadily to the deep water (below 
1200 m). The lowest oxygen values occur in this deep water in the extreme eastern part of the 
Mediterranean. In the western basin there is a marked oxygen minimum at about 500 metres. 
Below this, oxygen values rise, suggesting a different source for the bottom water in that basin. 
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Fig. 5. Distribution ef inorganic phosphate («4 gA//) along east-west sections from Atlantis 

cruises 151 and 242 (Fig. 1). Only those stations with data are shown; all depths reported are given. 

A central core near the western slope of each basin contains the highest values for inorganic 

phosphate. In the western basin, deep water of high phosphate content seems to be brought in 

from the north (see July 1958 profile). The greater detail in the deep water phosphate distribu- 
tion in 1958 reflects increased sampling and analytical precision. 
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Fig. 6. Distribution of temperature and salinity in north-south sections along 6° 00’ E long. 
March 1954, September 1952, and December 1953 data redrawn from TCHERNIA (1954, 1956) 
and June 1959 section based on data of Chain cruise 7. A stratification is seen during the summer 
period (September) and a strong mixing effect in the winter (March). Bottom water is restricted 
to the southern end of the basin in the March profile, while a cold, saline water moves down 
the continental slope in the north. The summer inflow of * Levantine water ’ causes a downward 
shift of salinities at the southern end of the basin (September). The summer stability is apparently 
much decreased in December. Since the data are taken from different years, the seasonal sequence 
can be considered as hypothetical only. 
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(1948), a rapid transfer of nutrients from the reserve in intermediate water to the shallow surface 
layers enables the relatively impoverished Mediterranean with a small supply of nutrients to pro- 
duce a plankton crop commensurate with the Sargasso Sea which has a larger reserve of nutrients 
but a reduced rate of supply. 

Measurements of the nutrient levels in the various basins of the Mediterranean (THOMSEN, 
1931; Bumpus, 1948) show that the western basin has about twice the phosphate concentration 
found in the eastern basin (Fic. 5). Even this is only about half or less of the equivalent phosphate 
level in the eastern Atlantic. BROUARDEL and RINCK (1956) estimated the productivity of the 
western basin near Monaco, and obtained 31-5 mg C/m2/day in July 1955 and 42-0 mg C/m2/day 
in October. These values reflect the ‘ relative poverty of the plankton in the Mediterranean ’ 
(BROUARDEL and RINCK, 1956, p. 1800). On the other hand, BERNARD (1948) has found near the 
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Fig. 7. Distribution of oxygen in mi// (top), inorganic phosphate in » gA// (middle) and total 
phosphorus in » gA// (bottom) at 6° 00’ E long. June 1959, based on Chain data. The slight down- 
ward extension of the surface oxygen values to the south is correlated with North Atlantic 
water, and the oxygen minimum with Levantine water. The increase of oxygen at depth may 
be related to the formation of bottom water in the north. There is a general and progressive 
increase in phosphate to the bottom with a small maximum at intermediate depth occurring 
for total phosphorus. No significance should be attached to the apparent high levels of organic 
phosphate near 40° N, as there is no corroborating evidence. 


coast of Africa in the same basin that the volume of nannoplankton is somewhat greater than 
at Monaco for the same period. He reports the phosphates to be three times greater in this area 
and their amount sufficient to assure a high * potential fertility ’ for a maximum of protista in the 
surface waters. BERNARD (1959) also presents a comparison of productivity between the south- 
east and the southwest basins. Between 300 and 500 metres he finds the density of flagellates to 
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be three times greater near Algeria than near Libya, ‘ without doubt due to the presence of more 
nutritive local currents ’ (BERNARD, 1959, p. 3643). His results confirm the reports of the relative 
richness of the deep water in the various basins for the southern area of the Mediterranean, 
and can be correlated with the details of phosphate circulation shown in Fics 5 and 7. 
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Some measurements with instrumented neutral floats* 
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Abstract—The motions of instrumented neutral floats were measured during short tests at various 
locations in the North Atlantic Ocean. The vertical paths as a function of time were obtained for 
floats from the time they were placed in the water until well after they reached their equilibrium 
levels. Motions attributed to internal waves were observed on sensitively instrumented near-surface 
floats. Pairs of floats were found to separate rapidly with a speed which was not constant. 

A pressure-gradient measuring device showed no fluctuations over a length of approximately 
100 cm at depths from 200 to 700m. The static sensitivity of the equipment was approximately 
3 dyne cm-2 mm-!. Response of the device in shallower water was probably caused by gravity waves. 


INTRODUCTION 


Stupies of small-scale oceanic motions have been carried out with neutrally buoyant floats resembling 
those used by SwALLow (1955), SWALLOW and WoRTHINGTON, (1961), but containing measuring and 
telemetering equipment. Features of the apparatus are described elsewhere (POCHAPSKY, in press). 
The preliminary results show (1) the vertical oscillations of a float riding in an internal wave, (2) an 
upper limit to small-scale turbulent pressure fluctuations, and (3) the manner of separation of a pair 
of floats. 

The test periods in the present experiments were short compared to the periods associated with 
fluctuations of motions at sea. Hence, attempts to fit the results into a theoretical framework seem 
premature. Any interpretation attempted in this report is made to clarify the experimental conditions 
and to give the results perspective. The experiments were carried out about a year apart in three 
different areas in the North Atlantic : (1) off the Continental Shelf near New York at 39° 30’ N, 
71° 40’ W; (2) off Bermuda at 32° 25-7’ N, 64° 24’ W;; and (3) in the Virgin Islands Basin at 18° 08’ N, 
64° 54’ W. The water depth in each instance was approximately 2000 m. BT data for these locations 
are summarized in Fic. 1. 

HORIZONTAL MOTION 


The floats were usually in the water for only a few hours, and the distances of total drift were 
small. Although operations were carried out within sight of land, there was rarely any confidence 
in the figures establishing the magnitudes of the drifts. Near the Virgin Islands Basin, where con- 
ditions are good for navigation, two floats at a time were dropped to various depths down to 
700 m: The floats separated a distance comparable to the distance moved by a single float, about 
4km. The directions of drift were somewhat random although there was a tendency to go with 
the wind. On two occasions, floats were at constant depth long enough to obtain reliable measure- 
ments of the water velocity. At 400 m, a float moved for 30 hr with an average velocity of -15 
knots or 8 cm sec~! in a 225° direction. At 1200 m, another float moved for 8 days with an average 
velocity less than 0:3 cm sec~!. The surface current over 21 hr was 20 cm sec~! in a 293° or approxi- 
mately downwind direction. 

*Hudson Laboratories Contribution No. 101. This work was supported by the Office of Naval 
a Reproduction in whole or in part for any purpose of the United States Government is 
permitted. 
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Fig. 1. Temperature data for the three experimental sites. Exact locations and dates are 
specified on the curves for, reading left to right, New York, Port Royal Bay, Bermuda, and the 
Virgin Islands Basin. 
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~ 
4 
e 
Yo 
% 
° 
200 
° 
| | 
5 10 a 
Vo} 
VOL. 
96 i= 
100 
“ 
200 
4 
700 


Shorter Communications 271 


FLOAT DEPTHS 


Depths as a function of time were obtained in the Bermuda area. They were obtained from 
pressure information telemetered from floats to the listening ship. The curves (Fic. 2) showa rapid 
sinking to the 150 m or 300 m levels where sinking weights were cut off. Then the floats took } to 
1 hr to sink or rise to equilibrium levels. 

The density of a float determines the equilibrium level to which it settles, and an uncertainty 
of 1 g in the total weight produces an uncertainty in depth of about 6 m. Under favourable conditions 
at sea, the weight of a 25 kg float can be adjusted to an accuracy of + 5g. In the few instances 
where the floats were far from their intended depth, this was attributed to errors in weighing rather 
than to vertical water movements. 

Although the settled floats seemed to remain at fixed depths, except for a slight motion at the 
shallowest depths, motions up to 3 m above 150 m and up to 24 m below 150 m would be undetected 
because of hysteresis in the pressure gauges. This amounted to 2 per cent of the reading at full scale. 
The irregularity of some of the curves before reaching equilibrium is significant, for when the pressure 
is changing steadily, details can be observed within the hysteresis limits. It is uncertain whether these 
irregularities were generated by twisting of the sinking float or by independent water motions. 

More precise depth determinations were attempted in the Virgin Islands Basin tests. The variable 
resistance gauge was replaced by a variable reluctance type which had a diaphragm instead of a 
Bourdon tube. Hysteresis in the new gauge was large (1 per cent) over the scale range, but gauges 
responded to very small fluctuations in pressure. In the gauges used earlier, hysteresis prevented 
any response to change until a pressure reversal of 2 per cent of the reading at full scale occurred. 

Only one of the four variable reluctance gauges that were tried proved to be seaworthy. The 
results obtained with this gauge at shallow depths are shown in Fic. 3. The float bobbed with a 
2m to 3m amplitude at a depth of 100m, and the major oscillation had a period near an hour. 
This period may not be significant in a test lasting only a few hours. There was also a steady drift 
in level and an obvious short-period motion which had a frequency close to that calculated for the 
natural resonance of the float. 
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Fig. 3. Depth of neutral floats as a function of time for shallow depths, Virgin Islands Basin, 


TURBULENT PRESSURES 


Measurements of the fluctuations of the turbulent pressures were performed at all three experi- 
mental sites, at depths down to 700 m. Response was obtained, however, only in the top 100 m layer. 
The device for measuring pressure gradients utilizes a thin diaphragm. One face of the diaphragm 
is exposed directly to the sea. The other face is also exposed to water but it is vented to the sea through 
a vertical pipe | m long. There is no hydrostatic pressure change across the diaphragm, but fluctua- 
tions in pressure cause it to move. It is assumed that a localized pressure fluctuation at the open end 
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of the pipe is transmitted through the pipe but not through the outside water. Such a condition 
is believed to exist for those turbulent fluctuations in the pressure gradient which have a length scale 
smaller than the length of the float. When the vertical pressure—gradient fluctuation is constant 
over a larger distance, there is only a negligible pressure difference across the diaphragm. In the 
latter case, the pressure change is expected to propagate equally well through the water in the pipe 
or through the medium. The small-scale turbulent pressure fluctuations will not move the float, 
and the diaphragm will respond to them. Large-scale fluctuations accelerate the float along with 
the surrounding water, but the diaphragm does not respond. A pressure change of 3 dyne cm-? 
across the diaphragm deflects a spot of light 1 mm on a moving photographic film. 

Below a depth of 100 m, no turbulent response was obtained in the frequency range 0-3 to 0-01 cps. 
Any pressure gradient fluctuation of | dyne cm-? m-! or more is obvious in this frequency range. 
Although the diaphragm responds to constant changes in the gradient, very slow, small oscillations 
of the photographic trace are hard to distinguish from a straight line. The film speed for the experi- 
ments was 2°5 cm min}. 

Above 100 m, pressure fluctuations were observed. They have been tentatively attributed to the 
action of surface waves (Fic. 4). Breaks in the horizontal time axes of curves (a), (b), and (c) occur 
every minute, for a total of 8 min. Similar records were obtained during preliminary tests in Port 
Royal Bay, Bermuda. 


(a) 13M, NEW YORK 


21M, NEW YORK 


64M, BERMUDA 


21M, NEW YORK,COPIED RECORD 


64M,BERMUDA ,COPIED RECORD 


(f) 7OOM, FISH TRANSIENTS., BERMUDA 


Fig. 4. Pressure gradient readings for various depths at various stations. The copied records 
(d) and (e) were translated from the original records with an electronic pantograph; the time 
scale was reduced 2/3, while the vertical amplitude was magnified slightly. 


Response to long gravity waves was not expected, so an approximation method was used to 
study the motion of a float and a diaphragm in a uniform pressure gradient. This yielded the almost 
obvious result that the fraction of the gradient measured is equal to the fractional density difference 
between the water in the venting tube and the surrounding water or between the float and the surround- 
ing water. During the tests, for example, the tube was automatically filled at a depth of 10m. At 
lower levels, therefore, the salinity of the water inside the tube possibly differed from the salinity of 
water outside by 2%. In such a case, the fraction of the existing pressure gradient measured is 
1-5 x 10-8. When the float is motionless in water moving with a steady vertical velocity, the float 
and water also differ in density, but this is expected to have a trivial effect on the response. 
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A quantitative comparison between the instrument response observed and the pressure field 
expected under a gravity wave was hampered because the diaphragm system has a resonant frequency 
in the range associated with surface waves; it has a fundamental frequency fp near } cps and a mech- 
ancial Q near 20, and the normal response is then enhanced by a factor of approximately Q over a 
bandwidth of fr/Q. In a ‘ white noise’ field, the resonance doubles the total response but tends to 
obscure the noisy nature of the field. Only a trivial response can be expected above resonance. 

A spectrum analysis was made of a 36-cycle sample taken at a depth of 20 m to determine whether 
the results were consistent with the anticipated behaviour. The power density had a peak at a period 
of 4-2 sec and fell smoothly to a value of 10 per cent of the peak at periods of 10 and 2-6 sec. Such 
an unexpectedly broad spectrum can be explained by attributing the broadening at low frequencies 
to gravity wave pressures and at high frequencies to additional resonances associated with the 
corrugated constructions of the diaphragm. Such extra resonances are apparent in the fish transient 
curve shown in Fic. 4 (f). The bandwidth of the analysis was such that a discrete frequency comes out 
of the calculations as a band with a Q of 7. 


Table 1. Pressure gradient fluctuations relative to neutrally buoyant floats at various depths 


Instrument Minimum * Probable 
Response Pressure Fluctuation Float Location 
(rms mm) across | metre in the North Atlantic 


New York, off shelf 
New York, off shelf 
New York, off shelf 
Bermuda 
Virgin Islands Basin 
Virgin Islands Basin 
Bermuda 
Bermuda 


*Overall sensitivity assumed 5 x static sensitivity. 
tHeavy platinum diaphragm may have responded to temperature fluctuations. 
tFloat rising with a velocity of almost 1 cm sec~. 


The pressure fluctuations in TABLE | are listed on the assumption that the true sensitivity of the 
instrument was 5 times higher than the measured static sensitivity. The combined uncertainties of 
calibrating the instrument and predicting the pressure gradients associated with gravity waves prevent 
anything but a crude comparison between observed and anticipated gradients. It seemed to the 
author that observed responses were significantly, perhaps 5 times, larger than the response expected 
in a linear gravity wave gradient. It is likely, however, that the response in fact resulted from the 
exponential nature of the gravity wave gradient. Although the float moves along with water at the 
level of the centre of the float, there is a relative acceleration between the differing ends of the float 
and the adjacent water. The resulting inertial loading can conceivably account for results of the sort 
obtained. In that event, the results in TABLE | can onlyestablish an upper limit to small-scale turbulent 
pressure fluctuations. 


RATE OF SEPARATION OF A PAIR OF FLOATS 


The rate of separation of two floats was studied in the experiments off St. Thomas, Virgin Islands. 
Both floats were dropped within a few minutes of each other at an initial separation near 10 m. 
At 300 m their sinking weights fell off and each float then sought its own equilibrium depth. They 
were trimmed to reach the same depth. Float depths and separations were continually telemetered 
to the ship. The principal objectives were to obtain data on horizontal diffusion and to determine 
velocity profiles, but they were negated by the failure of the pressure gauges to operate properly 
and supply data for determining the difference in depth of the floats. Separation measurements, 
however, are shown in Fic. 5. 

Both floats in a pair were usually within 40 m of each other when they had finished the rapid 
part of their descent. The following hour was spent in settling to equilibrium depths. After that, 
they were expected to separate at a constant rate. The results, however, show significant changes 
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in the velocity of separation. A striking feature is that the floats separated with a velocity comparable 
to the mean flow velocity of water above the depths assigned to the floats; the water velocity was as 
reported in the previous section on horizontal motion. A rapid separation is reasonable in a uniform 
velocity gradient when the floats are at significantly different depths. This explanation for the present 
results is doubtful. When pairs surfaced, they lay on a vector of generally random direction. 


a SEPARATION OF NEUTRAL FLOATS AT VARIOUS DEPTHS 
F 


(METERS) 


PAIR SEPARATION 


Fig. 5. Distance separation of neutral float pairs, F, G, J, L, P, and Q with time. The depths 
shown with the curves represent the best estimate for the pair, on the basis of trimmed weights 
or telemetered pressures. 


DISCUSSION 


The present experiments show a potential in using floats which can be realized only after long- 
term experiments at various locations. So far, only slight vertical water movements have been 
detected over periods ranging from an hour to over a day. The positive measurements of * internal 
wave’ motions are particularly satisfying. These vertical movements were not surmises based on 
the temperature structure of a moving medium, and the data establish a time scale for such motions. 
It can still be argued, however, that the motions were caused by convection. Further experiments 
are being carried out to investigate this. 

The experiments using float pairs were a gamble, tempered by the suspicion that the floats would 
separate with an undramatic constant velocity. They separated more rapidly than expected with 
perturbations that suggest the presence of strong random horizontal currents. These may be random 
horizontal eddies, or the horizontal components of internal wave motions. Again, additional experi- 
ments are needed. 

Finally, some remarks can be made on the significance of the pressure gradient measurements. 
At depths below 100 m, no fluctuations larger than a fraction of a dyne cm-? were found for vertical 
eddies smaller than | m. In a turbulent field with a characteristic velocity 0, the pressure fluctuations 
are expected to have a magnitude of pv, where p is the density of the fluid. Consequently the 
small-scale vertical turbulent velocities in the ocean below 100 m are less than $ cm sec. It is likely 
that this condition holds almost up to the surface. 

Small vertical velocities in a stratified fluid imply small vertical diffusion rates. An estimate of 
the diffusion coefficient can be made by considering the transport to take place in a random walk 
process. Vertical movements along eddies form the steps of the walk, and jumps are made at a rate 
of n = 0//, where 0 is the average (rms) turbulent velocity and / is the characteristic size of an eddy. 
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The size of a vertical eddy is limited in a stably stratified fluid. Vertically moving water has to over- 
come adverse buoyancy forces, and its kinetic energy is converted to potential energy in a relatively 
small distance. In the subsurface of the ocean where the temperature gradient is 3 x 10-4 °C cm=!, 
water with an initial velocity of } cm sec~! comes to rest in 56cm. The pressure gradient measure- 
ments then imply eddies smaller and slower moving than this, provided that the pressure gradients 
observed in the 100 m surface layer were caused by surface waves. 

In a random walk process with a large number of constant step lengths, the diffusion coefficient 
can be written 


A=tnP=}0l, 


(CHANDRASEKHAR, 1943). When the values v < $cmsec-! and / < 56cm are substituted in this 
expression, the diffusion coefficient is found to be less than 14 cm? sec~!. Published values are in the 
range 1-10 c.g.s. for deep waters of moderate stability. The present results consequently imply that 
diffusion rates in the thermocline are not significantly higher than those in deep water. 

It can be argued that larger diffusion rates exist as a result of the motion of large rapidly moving 
eddies which have pressure fluctuations over a length scale too large to measure with the equipment. 
Such movements of a metre or more on a time scale of a few minutes were not observed in shallow 
water (Fic. 3). 
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Heat flux from the ocean bed produced by dissipation of the tides 


R. W. STewart*, G. F. Carrier,f A. R. RoBinson,t H. STOMMELT 
(Received 12 April 1961) 


1. INTRODUCTION 


MuNK and MACDONALD (1960) state that the dissipation of energy in the oceanic tides, sufficient to 
account for the secular deceleration of the earth’s rotation, cannot be due to losses in shallow seas 
as JEFFREYS (1952) has suggested, and offer instead a suggestion by Cox that tides are coupled to 
internal modes which eventually become turbulent and lose their energy. The required energy dissipa- 
tion (integrated over vertical columns) is about 7 ergs per second per square centimetre of the 
ocean surface. The upward heat flux observed from ocean sediments is roughly 50 ergs cm? sec"!; 
and it seemed possible to us that the tides might actually be dissipated within the sediments, and 
hence contribute to the heat flux. This raises the problem of proposing a mechanism within the 
sediment capable of dissipating the energy of the tides. 

At the water-sediment interface the pressure is P + p, sin wt when P = 4 x 108 dynes cm? is 
the mean static pressure at 4 km depth, p, = 5 x 104 dynes cm-? is the amplitude of the tidal pressure 
fluctuation and w = 1-5 x 10-4 sec~" is the frequency of the semidiurnal tide. In order to do work 
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on the underlying mud, interstitial water must move vertically with a velocity w in such a way that the 
integral W = — w/27 4 2a/e W P, Sin wt dt does not vanish. We anticipate movement of the water 
under fluctuating pressure because the water is compressible. The optimum phase occurs when 
w = Ww, Sin w/, in which case the mean rate of doing work on the bottom is w, p,/47; hence the ampli- 
tude of vertical velocity of interstitial water required at the water-sediment interface to dissipate 
the tides is w,; = 1-7 x 10-*cmsec~', corresponding to an amplitude of vertical displacement 
of 11 cm. 


2. VERTICAL MOTION OF INTERSTITIAL WATER IN A POROUS MEDIUM 


Consider a horizontally infinite slab of sediment in which the interstitial water is slightly com- 
pressible, driven by a harmonic pressure fluctuation on the surface. The frictional process is modelled 
by a force directly proportional to the velocity, as is customary for seepage phenomena (Darcy’s 
law). We first investigate the dynamics appropriate to the fluid motion in terms of imposed amplitudes 
and scales, and then estimate the amount of dissipation indicated under empirical values of the 
frictional constant. 

For an approximate equation of state we assume a linear dependence of density, p, upon pressure, 
P, p = Pg (1 + Bp), where the compressibility, 8, is taken to be 4 x 10° cm?-dynes“'. The 
velocity amplitude is set by the time changing density field through the mass-continuity equation, 
dp/dt + p dw/dIZ + wdp/)Z = 0, where only the vertical gradient and velocity are considered. 
Writing the total pressure field as the sum of hydrostatic and time dependent contributions, assuming 
simple harmonic time dependence, we write the pressure and velocity fields in the form p = P f(g) + 
py F(O, w = et W where = Zh! and is the depth of the interstitial water. The 
functions f, F and W are taken to have a maximum value of unity. Using the equation of state and 
keeping only the leading contribution or each term in the continuity equation for small 8, we have 


+ =0 1 
= (1) 


iwBpo F + h 


It is seen that the amplitude of the induced motion is given by Wy = w§p, A, and that the last term 
on the right is 0(P8 ~ 10-%) relative to the first two. 

In the equation for the conservation of momentum, we measure the effects of acceleration, gravity 
and friction relative to the normalized pressure gradient, 


(pg h® B) i W + (p9 Beh) F + (py h® wBC) W + F’ =0 (2) 


For A = 105 cm, the first two terms are seen to be 0 (10-2°) and 0 (10-%) respectively, while the third 
is 0 (10-* c), where c is the frictional coefficient in units of sec-!. Empirical values of c for sands, 
silts and clays respectively are given as 105, 104 — 107, 108 sec! and up (KryYNINE, 1947). Thus the 
non-dimensional friction parameter is of order unity. This implies both that there is a frictional 
dissipation throughout the full depth of the interstitial water, and that the dissipation over a tidal 
cycle will be on the order of the work input. Thus it is relevant to examine the dissipation mechanism 
in more detail. Rather than proceeding with a macroscopic parameterization (the quantity c) of 
the frictional process, we turn to a microscopic discussion. 

We imagine that the sediments form a slab of porosity A (») and that the friction law is that due 
to Darcy, i.e. 


(p + ps2), = (3) 


where a(z) is a distance characterizing the interstitial spacing of the sediments, » is the viscosity 
of the fluid, and w is the volume flow rate upward per unit area. We also adopt the previously stated 
relationship between p + p gz, the deviation from hydrostatic pressure, and p — pg (z), the deviation 
from the hydrostatic density distribution, i.e. 


Pp + paz = — pg (z)) (4) 
The conservation of mass requires that 


(pAw), + (pA) =0 
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Denoting p + pgz by ¢, substituting (3) and (4) into (5), and linearizing, we obtain 


Po 


(a? 44,), 4, =0 (6) 


with the boundary conditions that ¢, vanish at the bottom of the sedimentary layer and that 
¢ =p, e! at the top of that layer. 
We can anticipate that ¢ will take the form 


¢ = elwt 
where p, e’! is the tidal pressure and (6) becomes 


(a? — Af = 0. (7) 
Po 


Suppose that the layer of sediment is of finite depth, 4, and in which A and a are constant. 
In case one, with the bottom at z = 0 and the top at z = A, the solution of (7) is 


_ cosh (vi Az/h) 
cosh (A 


(8) 


where \? = wBh? a’. 
This, using (3), implies that the velocity at z =A is given by 
— 
w tanh (A Vi) mt 
ph 


and the average rate at which work is done on the fluid in the sediments is given by 


W = ~ | [ Re p (h, t)] [Re u (A, t)] dt 


0 


= hp*,/2 Po 


| 


il 


1000 10 J 


Fig. 1. The degree of sensitivity of equation 9 to the value of a? is clearly implied by 
N(A) vs. A. 


where N = Im (— tanh (A \/i)/A \/i) and T is the period 27/w. The factor A is required because the 
velocity just above the sediments is smaller than in the sediments by the factor A and only above the 
sediments is work done on the fluid over the whole area :— there is a discontinuity in the vertical 
velocity of water at the water-sediment interface z = 
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Using the previously given values for w, 8, h, p;, taking A = 4, and using that value of a? which 
maximizes N (this is also consistent with the foregoing discussion) we obtain 


W = 0-16 erg/cm? sec. (10) 


The degree of sensitivity of this result to the value of a? is clearly implied by the graph of N vs. A 
(Fic. 1). 


3. OTHER PROCESSES ACTING WITHIN THE SEDIMENT BUT OF MINOR IMPORTANCE 


(a) Horizontal motion of water through the sediments under the influence of the horizontal 
pressure gradient associated with the tide is ineffective. For constant A, and a*, ignoring com- 
pressibility, the mass conservation equation is 


0 


(11) 


and with u + = — 
and w= — 
we have A¢ =0 (12) 


At z = 0, ¢, must vanish and at z = A (the top of the sediments again), ¢ = p, e!! cos kx where 
k is the wave number which describes the scale of the tidal horizontal pressure gradient. The solution 
of (12) is 


¢ = p, cos kx cosh kz e!'/cosh kh 
and 


—a* p, 
w k cosh kx sin kz e'/cosh kh 
The work done ¥, is 


A a* 


LA — tanh kA (13) 


(The time integration and the x integration each introduce a factor 4) and since k = 0 (1000 km)-* 
with h = O(1 km), this value of W is 10~® times that of the previous model. 

(b) In a mixture of water and sand (or clay) the fluctuating pressure produces a fluctuating 
temperature, but since heat is conducted between water to sand, the cycle is not truly reversible; 
and a net amount of heat is generated per cycle. The energy equation for a unit volume of the 
mixture is 


dp 
J + kd (Py + py, sin wt) (14) 


where J is the mechanical equivalent of heat, # is the fluctuation of water temperature, p = pp 
(1 + Bp, sin wt — y) [y = 210-4 °C-*] and &k is analogous to Darcy’s coefficient [we might take 
k = K/a* where K is the thermometric conductivity of water, and a a measure of the grain size, or 
of thickness of sediment laminae ]|—it represents the transfer of heat between water and sand. In 
order to make a simple calculation we do not introduce a variable sand temperature — but consider 
it to be of infinite heat capacity. Anticipating that the amplitude @ is small it can be computed from 


} k| = (P + p, sin wf) (pg B w COS wt) 


The most important part of # comes from the static pressure P : 


P po B py w/k w 
J (w*/k? +1) 


sin wf + cos «| 


The maximum possible out of phase component of # is obtained for w/k = 1 and the amplitude 
(P py B p,/2J) is 2 x 10°5°C. If the maximum out of phase component in temperature is placed 
in d¢/dr, the rate of work done for over a depth A is 


| 
x z 
\ 
ages VOl. 
8 
196 
4 
ing . 


Shorter Communications 


h if h 
W=- (P + p, Sin wt) pg w | B py Cos wt — y —| dt = py pg y 


For a depth of sediment of | kilometre, 


W =3 x 10-* ergs sec". 


4. CONCLUSION 


The most effective means of dissipating tidal energy in the sediments is therefore the mechanism 
discussed in section 2: the viscous seepage of interstitial water vertically as it is compressed by 
the tidal pressure in the sediment. Our estimates are maxima — they assume the most effective grain 
sizes, etc., and the depth of interstitial water of 1 kilometre is perhaps too generous, and even then 
the sediments cannot quite dissipate all the tidal energy. 

We conclude therefore (with some regret) that only a fraction of the energy of tides is dissipated 
in the bottom sediments, and that the generation of heat by the various mechanisms which we could 
conjure up can contribute only a small amount to the observed flux of heat up through the sediments, 
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Collection and descriptions of juvenile tunas from the central Pacific* 


WALTER M. MATSUMOTO 
U.S. Bureau of Commercial Fisheries, Honolulu, Hawaii 


(Received 21 February, 1961) 


Abstract—Collections of juvenile tunas during the period 1951-60 from the central Pacific are recorded. 
Juveniles of Neothunnus macropterus (TEMMINCK and SCHLEGEL), Kafsuwonus pelamis (LINNAEUS), 
and Auxis sp. are described and figured. Initial results with the British Columbia midwater trawl, as 
modified for collecting tuna forage organisms and juvenile tunas, suggest that this trawl has consider- 
able promise as a collecting device. Its ability to catch juvenile tuna appears much greater than 
that of the 10 ft Isaacs-Kidd midwater trawl. 

ALTHOUGH much has been learned in recent years about the biology of adult tunas, we still have 
very little information concerning the occurrence, distribution, and habits of their postlarval and 
juvenile stages. This lack is due mainly to poor success in collecting the young with the methods 
hitherto used, i.e., dipnetting at night-light stations, midwater trawling with small and medium-sized 
nets, seining with tuna bait nets, and searching the stomach contents of adult tunas and other pelagic 
fishes. Most of the juveniles recorded in the litertature have been reported from scattered localities 
and have come either from the stomachs of pelagic fishes (KisHmNoUYE, 1919, 1923, 1924, 1926; 
INANAMI, 1942; Marr, 1948; EcKkLes, 1949; SHimaDA, 195la; YABE, ANRAKU and Mori, 1953; 
YAaBE et al., 1958) or from dipnetting at nightlight stations (SCHAEFER and MArr, 1948a, 1948b; 
Wane, 1949, 1950; SHIMADA, 1951b; KLAWe and SHIMADA, 1959). Since tuna juveniles are taken 
sporadically, generally in small numbers, it is important that all known captures be recorded so that 
the information will be available to investigators. 


* Published by permission of the Director, U.S. Bureau of Commercial Fisheries. 
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As a part of their research on the biology of the tunas, staff members of the Honolulu Biological 
Laboratory (HBL), United States Bureau of Commercial Fisheries, have been trying since 1951 to 
collect young tunas with only moderate success (TABLE 1). Recently, during the period 20 October 
to 8 November 1958, aseries of test hauls was made with a British Columbia midwater trawl 
(BARRACLOUGH and JOHNSON, 1956), modified with a cod-end of }in. mesh. The results (TABLE 2) 
indicate that this trawl will be an effective instrument for collecting juvenile tunas. 

Two types of hauls, horizontal and 3-step oblique, were made. In the first the trawl was lowered 
to the desired depth, where it was towed horizontally for 1 hr. In the second the trawl was lowered 
to the desired depth (usually 300-350 ft) and then towed horizontally for 20 minutes at each of three 
levels : 300, 200 and 100 ft. The results (Table 2) provided several valuable bits of information. 
First, it was evident that the 3-step oblique pattern gave a higher percentage of hauls in which juvenile 
tunas were taken (57°) than did the horizontal pattern (25%). Second, a statistical comparison 
using the Mann-Whitney U test (SteGeL, 1956) did not indicate any significant difference (one-tailed 
p = 0-473) in juvenile tuna captures between hauls made at night (2000 hr. local time) and in the day 
(0800 hr. local time). Third, the British Columbia trawl took juveniles up to 52:5 mm long in mid- 
ocean, whereas earlier captures of fish this size were all near land. Juvenile tuna were taken by the 
trawl at distances from the nearest land of 280 to 540 miles, the latter being the greatest distance 
from land at which the gear was used. 

Since no day-night difference was found in the catches, data for all 3-step oblique hauls were 
combined for comparing performance of the British Columbia trawl with that of a 10 ft. Isaacs- 
Kidd trawl which had been used by HBL for collecting young tuna (Table 3). The upper section of 
TABLE 3 shows that the sampling conditions for the two trawls were comparable, except for the depth 
of the haul. This difference is corrected, however, by expressing the catch in terms of juveniles per 
unit of water strained between the surface and the 300 ft. depth. A comparison made on this basis 
shows that the British Columbia trawl caught 43-6 per cent more juveniles than the 10 ft. Isaacs-Kidd 
trawl. If we assume that juvenile tunas were equally abundant in the area where both cruises were 
made, and there are no strong reasons for believing otherwise, then the higher catch made with the 
British Columbia traw! must be due to the greater efficiency of the trawl for this purpose. This higher 
efficiency was probably due to the larger mouth opening (111-7 m? in the British Columbia trawl as 
against 8-2 m? in the 10 ft. Isaacs-Kidd trawl) and, to some extent, to the speed of hauling (average 
of 3 knots as against 5 knots). Since juveniles of the sizes taken in trawls (up to 52:5 mm) are probably 
already fairly rapid swimmers, they would be expected to be able to dodge a small net more easily 
than a large one. If the smaller net were hauled at high speed to overcome this dodging, it would 
very likely increase net noise and luminescence to such an extent that the fish would become aware 
of the net early enough to avoid it. Consequently, it is conceivable that a net with a large mouth 
opening, hauled at a slower speed, may be much more effective in capturing juvenile tunas. The 
higher catches obtained with the British Columbia trawl appear to support this hypothesis. 

Of the juvenile tunas in the HBL collection, species identifications have been made for Neothunnus 
macropterus (TEMMINCK and SCHLEGEL) and Katsuwonus pelamis (LINNAEUS). A num berof juveniles 
recognized as Auxis could not be assigned to species (see later discussion). Three unidentified speci- 
mens, although recognized as scombrid, could not be identified either to genus or species because 
they were badly damaged. 

Juvenile N. macropterus (Fic. 1) are characterized by a relatively deep body; a short snout, 
equal to or less than the diameter of the eye; a completely black first dorsal fin, the edge of which forms 
a convex outline; and the absence of pigmentation on the thoracic and abdominal areas. Other 
pigmentation on the body includes heavy concentrations or bands along the mid-lateral line and along 
the dorsal edge. Dorsal to the mid-lateral line are faint patches of pigment which develop into five 
or six vertical bars on larger juveniles. 

As in adult N. macropterus, a 22:6 mm juvenile cleared and stained in alizarin red S has 39 vertebrae 
(18 precaudals and 21 caudals), and the first haemal spine is similar to the spines following it. The 
gillrakers on the first arch are not fully developed in this specimen (2 + 16), but the 46 mm specimen 
in Fic. 1 already has enough gillrakers (7 + 21) for positive identification. The 21 gillrakers on the 
lower limb of the arch is identical with the number found in the adult (usually 20-21). 

Four other species of thunnids have been recorded from the central Pacific where our juveniles 
were obtained. Since the possibility exists that our juveniles may be any one of these, it is important 
that any similarities or differences be examined. Parathunnus sibi (TEMMINCK and SCHLEGEL), which 
generally has 18 or 19 gillrakers on the lower limb of the first gill arch, was eliminated, since our 
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Fig. |. A 46mm Neothunnus macropterus regurgitated by adult Katsuwonus pelamis, off the 
island of Oahu, Hawaiian Islands. 


J 


3MM 


Fig. 2. A 47mm Katsuwonus pelamis captured in dipnet at Kingman Reef, Line Islands. 


Fig. 3. A 39 mm Auxis sp. captured in a modified British Columbia midwater trawl at 0° 44’ S, 
149° 46’ W. 
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46 mm juvenile already has 21 gillrakers. Two other speices, Thunnus orientalis (TEMMINCK and 
SCHLEGEL) and 7. thynnus (LINNAEUS), which may be synonymous, were eliminated because they 
generally have 22-23 gillrakers on the lower limb. The albacore, 7. germo (LACEPEDE), is the only 
species having a gillraker count for the lower limb (generally 20, often 21) similar to that of our 
juvenile, but it was eliminated on the basis of the shape of the first haemal spine (YABE ef al., 1958). 
YaBe’s study indicates that 7. germo as small as 124 mm (standard length) can be identified by this 
spine, which appears laterally compressed. I examined one of YABE’s specimens measuring 184 mm 
and noted that the width of the flat first haemal spine was nearly twice that of the second. The second 
spine and those following it were normal, as in other tunas. In our specimens the first haemal spine 
was not compressed but was similar to the second spine. Thus, on the basis of the number of gill- 
rakers on the lower limb of the first gill arch and the shape of the first haemal spine, it seems reasonable 
to assume that our juveniles are N. macropterus. 


Table 3. Comparison of the performance of the British Columbia and \0-foot 
Isaacs-Kidd midwater trawls in collecting juvenile tunas 


British Columbia trawl 10 ft. Isaacs-Kidd trawl 


Trawling data : 
Vessel” and cruise number Hugh M. Smith 47 Hugh M. Smith 35 
Area : latitude 14N-S5S°S 10°N-5°S 
longitude 150 °W 143 “W — 160 “W 
Dates 20 Oct. — 8 Nov. 1958 15 Aug. — 1 Oct. 1956 
Depth of haul 0 — 350 ft. 0-600 ft. 
Type of haul 1-hour 3-step oblique 1-hour oblique 
Number of hauls 14 3 
Total volume of water _ 
strained (500,000 m*) 18-73 


Results : 
Total juveniles captured 27 
Juveniles per 500,000 m* 
of water strained 1-44 


‘Data for the Isaacs-Kidd trawl from KiNG and IverseN (Unpublished manuscript). 
Research vessel of Honolulu Biological Laboratory, U.S. Bureau of Commercial Fisheries. 
3Calculated on the basis of a sampling depth of 0-300 ft for comparison with the British Columbia 
trawl. 


Juvenile K. pelamis (FiG. 2) are easily identified by the characteristic pigmentation of the first 
dorsal fin and its concave outline, the moderately long snout, and the number of vertebrae. The 
first dorsal fin has scattered chromatophores on the first 3 or 4 interspinal membranes and along 
the distal edge of the remaining membranes. The only other genus in which the juveniles are known 
to have the first dorsal fin shaped like that of K. pelamis is Euthynnus (SCHAEFER and Marr, 1948a; 
Wane, 1950; MeaApb, 1951; Matsumoto, 1959). In Euthynnus, however, the first dorsal fin is either 
completely or almost completely pigmented, as in N. macropterus. Furthermore, unlike Euthynnus 
and N. macropterus, juveniles of K. pelamis do not develop vertical bands of pigmentation on the dorsal 
half of the body during the early stages of growth. The snout, measured from its tip to the anterior 
edge of the eye, is much greater than the diameter of the eye. 

Examination of 4 cleared and stained juveniles (19, 27, 33, and 52 mm) revealed 41 vertebrae 
(20 precaudals and 2! caudals), which is definitive for K. pelamis. 

The young of Auxis (Fic. 3) are easily recognized by the narrow body, the widely separated first 
and second dorsal fins, and the very light pigmentation of the first dorsal fin. In addition, all specimens 
have a black spot at the isthmus, a characteristic seen only in one other genus, Euthynnus (MEAD, 
1951; Matsumoto, 1958, 1959). In juvenile Euthynnus however, the first and second dorsal fins 
are continuous. 

It is known that two species of Auxis, the short-corseleted A. thazard (LACEPEDE) and the long- 
corseleted A. thynnoides (BLEEKER), Occur in the Pacific (KISHINOUYE, 1923; FOWLER, 1938; WADE, 
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1949; MaTsumoTo, 1960). Although the adults of this sp2cies are separable by corselet morphology, 
this character is useless for separating juveniles below 200 mm in length, because the corselet scales 
are not fully developed. Consequently no definite species identification of our Auxis specimens has 
been made. 
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Speculations on the origin of the invertebrate faunas of the lower continental slope* 


RosBertT H. PARKER 
(Received 5 July 1961) 


Abstract—Recent studies of the benthic faunas of the continental slope of western North America, 
highlighted by the collection of additional specimens of Neopilina galatheae Lemche, 1957, off Baja 
California have led to speculations regarding the origin of invertebrate faunas on the continental 
slope of the Eastern Pacific. It is suggested that many of the shelf and epicontinental bottom faunas 
migrated down the slope during the Paleozoic and early Mesozoic times in response to competition 
and population pressure from the newly evolved forms. In areas of relatively old, stable, deep-sea 
topography, some of these early forms still exist, with minor changes in external morphology. Since 
middle Cretaceous times, many new topographic features of the Eastern Pacific, particularly trenches, 
ridges, and borderlands, presumably have been formed along the continental margins. In as much 
as these features were formed after the Paleozoic and early Mesozoic invasion of invertebrates into 
the deep sea had occurred, a new migration of Tertiary and Holocene faunas may have taken place. 
Recent collections of benthic invertebrates in depths of 1000 to 4000 metres support this thesis, 
as ‘ ancient’ or relict forms of invertebrates, exemplified by Neopilina, were found on outer slopes 
that descend directly to the sea floor, or on the undisturbed abyssal bottom. Modern, or more 
recently evolved faunas, which appear to have originated from fairly recent (Tertiary) shallow-water 
environments, as well as from older abyssal regions were found at equivalent depths in trenches 
and in borderland basins, inshore of the Paleozoic relicts. Animals from Arctic and Antarctic waters 
may have invaded abyssal and hadal depths during the cooling of the Pleistocene. 


INTRODUCTION 


ONE WHOLE, two broken live specimens, and one fragment of the primitive monoplacophoran mollusk, 
Neopilina galatheae Lemche, 1957, were collected from two stations off Cape San Lucas, Baja 
California, Mexico (Fic. 1), as part of the dredging programme for the Scripps Institution of Oceano- 
graphy, Vermilion Sea Expedition to the Gulf of Catifornia. The range of the genus is now extended 
nearly 2000 miles northwest, and 1000 fm shoaler than the previous published records of Neopilina 
galatheae (LEMCHE, 1957 ; MENz1ES, EWING, WorZEL and CLARKE, 1959). These records also provide 
additional information for speculation as to the ecology and evolutionary history of this and other 
‘ancient’ groups of invertebrates. 

The three living specimens were collected at Station VSS-6 (P-41-59), on March 22nd, 1959, 
with the Isaacs-Kidd, High-Speed, Deep-Diving Dredge (Isaacs and Kipp, 1953), in depths of 
1520-1535 fm (2781-2809 m) at latitude 22° 32:5’ North, and longitude 109° 40-8’ West. The 
Neopilina fragment was taken in a $ square metre Petersen Grab sample at a depth of 999 fm (1828 m) 
at Station VSS-2 (P-39-59), en March 20th, 1959, at latitude 22° 48-1’ North, and longitude 110 
11:2’ West. The three living specimens were ail quite small, at least half the size of the Galathea 
specimens, and the whole one was the first complete and well-fixed specimen taken to date. Since 
Dr. HENNING LEMCHE participated in the expedition, all specimens of Neopilina were sent to the Zoo- 
logical Museum of the University of Copenhagen for further study. The perfect specimen has been 
sectioned in order to complete the anatomical study of this genus begun by LEMCHE and WINGSTRAND 
(1959). 


*Contribution from Scripps Institution of Oceanography, New Series. 
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The living specimens were collected on a predominantly sand-sized sediment, composed of 
Foraminifera tests and quartz grains, fairly rich in organic matter. The sand and much of the organic 
matter appears to have been derived from San Lucas Canyon, as the trawl was taken across the outer 
edge of the deep-sea fan at the mouth of the canyon described by SHEPARD (1959, 1961) and shown 
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Fig. 1. Locations of Scripps stations where Neopilina was taken. Topography after SHEPARD 
(1961), showing the configuration of submarine canyons at the southern tip of Baja California, 
Mexico. 


on Fic. 1. The fragment of Neopilina was taken on finer sediment at the mouth of Tinaja Canyon, 
about 30 miles to the northwest (Fic. 1). Both stations were on the outer slope of the tip of Baja 
California, where the bottom descends directly to the abyssal floor of the Pacific, but close enough 
to land to receive considerable land-derived sediment and detritus. Surface and sub-surface produc- 
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tivity in this region, as deduced from observations of the deep scattering layer traces on the Precision 
Depth Recorder, appears to be high enough to supply an abundance of organic matter. Tremendous 
plankton blooms were visually observed over both localities in May, 1961, which may be related 
to the convergence of Gulf of California and Pacific Ocean waters in this region (RODEN and GROvVEs, 
1959). 

Twenty-seven successful trawling and dredging stations, in depths of 1000 to 2306 fm (1850-4200 m) 
have been taken on Scripps expeditions along the Pacific coast from San Francisco to Guatemala 
(Fic. 2). Between these depths and along the same stretch of coastline 34 dredging stations were 
occupied by the U.S. Fisheries steamer Albatross (TOWNSEND, 1901, 1917; ANONYMOUS, 1906), 4 
stations were made by the Galathea (BRUNN, 1959), and I1 trawls were taken with a metre-wide dredge 
in the vicinity of one station by the Lamont vessel Vemma (MENZIES, EWING, WoRZEL and CLARKE, 
1959) (Fic. 2). Of the four Scripps and four Galathea stations occupied on the outer slope or on the 
abyssal sea floor, three contained Neopiling. The other stations made on this coast (Scripps, A/batross 
and Galathea), with the exception of the Vema station, which was almost in the same position as the 
Galathea Neopilina station, lacked these ancient mollusks, and were located in depths less than 
1000 metres, or on either side of the Middle America Trench, on fracture zones, major ridges, conti- 
nental borderland areas, or On a manganese crust bottom, low in organic matter. The Galathea 
and Vema specimens of Neopilina galathea were not collected directly on the continental slope, but 
were on the flat plain adjacent to it, and away from any major structure that might have been associ- 
ated with the movements of the continents. On the other hand, Neopilina ewingi (CLARKE and 
Menzies, 1959) was collected on the abyssal and hadal sea floor at 3068-3458 fm (5611-6342 m) in 
the norther portion of the South American or Peruvian Trench (CLARKE and MENZIES, 1959; MENZIES, 
EwinG, WorZEL and CLARKE, 1959). 


DISCUSSION 


It may be significant that the Scripps, Lamont and Ga/lathea specimens of Neopilina galatheae 
were all collected on the lower continental slope descending to the outer sea floor or on the abyssal 
sea floor itse:f c.ose to the siope, whereas no specimens of Neopilina were collected at the 60 other 
stations along the west coast of North and Central America to San Francisco in equivalent depths, 
but in what might be construed as borderland or more recently formed topography. It was also 
observed that other relict (more * ancient’ or * archaic’) groups of invertebrates, such as certain 
stalked crinoids, a large number of paleoconch and protobranch pelecypods, gastropods chiefly of 
the order Archaeogastropoda, certain primitive echinoderms such as the asteroid family Porcellanas- 
teridae, and the archaic suborder of isopods, Asellota, as well as specimens of Pogonophora (con- 
sidered by ZENKEVITCH and BiRSTEIN, 1960, p. 20, as archaic) were more abundant where Neopilina 
occurred, and at other stations on outer slope (undeformed ?) or geologically ancient topography. 
On the other hand, samples taken on what might be considered, geologically, more recently formed 
topography lacked many of these ancient animals, and contained relatively modern, but often rather 
specialized groups of invertebrates. Complete faunal lists of the invertebrates taken from the Scripps 
trawling stations are still being compiled through specialists for later publication, but present com- 
pilations support the above thesis. 

MENzieEs and Imrie (1958) and BRUUN (1957) have suggested that the composition of the faunas 
of abyssal and hada! depths are of more recent origin than has previously been considered. However, 
they did indicate that a slightly higher percentage of animals of ancient origin are to be found in 
bathyal or slope depths. Unfortunately, MENzies and IMBrie’s analyses were based on faunal groups 
that are rather rare in the deep sea, as compared to the groups not considered in their study. As 
ZENKEVITCH and BIRSTEIN (1960) pointed out, MEeNzies and ImBrRiE also used faunas with more or 
less abundant fossil representatives through geologic time for their comparisons. Since most fossil 
deposits are of shallow-water origin, one would hardly expect to find representatives of ancient 
deep-sea groups in the fossil record. Russian scientists, working with the entire fauna of the deep 
sea, feel that the majority of the deep-sea animals are of very ancient origin (ZENKEVITCH and 
BirSTEIN, 1956 and 1960 ; FiLatova, 1959). However, much of the dissagreement between Russian, 
Danish, and American scientists on this question results from the interpretation of the abyssal zone 
by the Russians as starting at 600 metres. Perrier (1899, p. 341-523), according to BRuUN (1957), 
inappropriately suggested the name ‘ Paleozoic Zone’ for depths around 400 to 2000 m because 
of the similarities of its fauna to the Mesozoic (not the Paleozoic) fauna. 
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As a matter of pure speculation, a conjecture as to the origin and age of the fauna of the outer 
continental slope may be presented for discussion. Paleomagnetic evidence as furnished by RUNCORN 
(1959) indicates that either the poles have shifted, or the present continental land masses moved 
considerably in Paleozoic and early Mesozoic times, but became stabilized in the Tertiary. DURHAM 
(1952) stated that paleontologic and recent zoogeographic evidences indicate that no ‘ continental 
drift’ has occurred since at least late Cretaceous times, but does not discount prior continental 
movement. A recent discussion by Hess (1960) on the evolution of ocean basins indicates that ocean 
basins are impermanent features, and that deep-sea topography evolves and is in turn destroyed 
in a time span of 300 to 400 million years. Hess, using the theory of great convection cells in the 
earth’s mantle, would explain the rise and fall of oceanic ridges and the tearing apart and movement 
of continents. These relatively slow crustal movements so change the deep oceans (which he assumes 
as always having been present since at least Pre-Cambrian times) that the evolution and downward 
migration of faunas in any one place might have a time limit of only 100 to 300 million years. Hess 
postulates that the Mid-Pacific Rise is the only remnant of Mesozoic and Paleozoic topography, 
while such features as the East Pacific Rise and Mid-Atlantic Ridge are in the process of formation. 
Although he did not specifically mention trenches, borderlands, and the basins within island arcs, 
the origin of these features may have been associated with the leading edges of the moving continental 
masses, and may also have been formed relatively recently (R. L. FisHeER and H. HEss, personal 
communication). Paleontologic evidence to support these theories, although slight, stems from 
studies of submerged guyots (HAMILTON, 1956) and of drillings through atolls on the Mid-Pacific 
Ridge (LADD and SCHLANGER, 1960), neither of which revealed faunas older than Cretaceous. The 
relatively few known fossils from sediments of the deep-sea floor are no older than Eocene to Mid- 
Miocene. Geomorphologists state (MENARD, 1955) that there is no evidence to suggest that the 
submarine topography of the deep Pacific, and along the deep submerged portions of the Pacific 
coast is much older than Cretaceous. If this is true, the borderland and trench topography along the 
margins of the continents as they exist today may have evolved only during the last 70 to 120 million 
years. Sessile animals without extended planktonic larval stages that now occupy the present regions 
of deep trenches and deep coastal basins (few deep-sea animals are known to have planktonic larvae) 
may therefore have descended to the bottom of these more recent features either from the continental 
shelves or from neighbouring abyssal plains only in late Cretaceous to Tertiary times. Since in 
many places depths become shoaler at the outer edges of trenches and borderlands, many of these 
more recent arrivals may have been limited in moving up and out over into the abyssal sea floor by 
different ecological factors at the shoaler depths (Fic. 3). 

The outer slopes and neighbouring abyssal plains, on the other hand, have probably been sub- 
merged and perhaps separated from the shallower continental margins since middle Cretaceous times, 
and prior to that time, may have been either shoaler or contiguous with the continental shelves of the 
older continental land masses (FiG. 3). With the evolution of many new forms of animals in the late 
Paleozoic and early Mesozoic eras, which may have resulted from the creation of new environments 
as the result of topographic changes due to the action of the great convection cells as postulated by 
Hess, a number of contemporary groups of animals may have migrated seaward from the continental 
margins, filling newly created niches, thus avoiding what might have been strenuous predation 
and competition. As these early groups attained what is now the outer continental slope, some, 
including Neopilina, may have survived and remained there, since there may have been little environ- 
mental or population pressure to cause them to move deeper. Some of these animals may have 
moved out also onto the possibly more recent deep cceanic basins, but the general lack of productivity, 
both surface and bottom, has resulted in low populations of these abyssal-benthic animals (FILATOVA, 
1959). By the time these primitive forms had reached their present habitat, they were separated from 
the present continental shelves and upper slopes by the complex features of the borderland and trench 
topography, and by such physico-chemical barriers as low oxygen tension and reducing conditions. 
Except for probably physiological adaptations for life at greater depths and with different food 
sources, which did not necessitate many external morphological changes, it appears probable that 
these animals have remained relatively unchanged from the original forms. 

The newly formed borderland features, the trenches and the oceanic basins near the centres of the 
oceans, may have been invaded in comparatively recent times by faunas from both shallow and deep 
areas. BRUUN (1957) suggested that a new invasion of animals into hadal and some abyssal depths 
took place as late as the Pleistocene. Paleontologic and geochemical evidence indicates that in Tertiary 
times deep ocean-bottom temperatures may have been as high as 9 to 10 C. (EMILIANI and Epwarps, 
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1953), and that present-day temperatures of 1 to 3°C resulted from the flow of cold Arctic and 
Antarctic waters across the bottom of the oceans during Pleistocene times (BRUUN, 1957, pp. 668-669). 
Since many Arctic and Antarctic species of invertebrates were already cold-adapted or eurythermic 
before the Pleistocene (assuming that the poles were always relatively cold as compared to the rest 
of the world and that continental drift accounts for the occurrence of warm-temperature fossils at 
the present poles), these possibly more recently evolved forms might have migrated into greater 
depths with the movement of cold water. This new and comparatively rapid invasion would have 
been quite distinct from the pre-Cretaceous dispersal down the slopes. 

ZENKEVITCH and BiRSTEIN (1960) assigned a greater age than BRUUN and other authors, to 
the origin of the hadal and lower abyssal faunas of the western Pacific. Their analyses of the total 
composition of the trench funas indicated a predominance of ancient elements at great depths, 
but some doubt can be attached to the stages of evolution assigned to many of the groups analyzed. 
There is no doubt, however, as to the primitiveness of some of the groups, but what can be contested 
is the time when these faunas descended into the trenches. Geological and geophysical evidences 
indicate that many of the world’s trenches have evolved in the order of the last 70 to 100 million 
years (R. L. FisHeR, personal communication). If, as seems probable, the trenches did not then 
exist, the Paleozoic elements of the deep fauna could not have descended into trenches in Pre-Tertiary 
times. It is of course possible that the abyssal faunas already present on the outer slope could have 
moved into the trenches in comparatively recent times. The relatively high endemism of the trench 
faunas indicated by the Russian workers, does not necessarily suggest ancient origin. The indications 
that the trenches have originated here and there at different times, at different depths, and under 
other diverse conditions, offer a plausible explanation for the high endemicity. The invaders in 
different trenches may have been at different stages in phylogeny, and may have undergone indepen- 
dent evolutionary changes within the trenches, in response to different conditions or merely to isola- 
tion. That most of the differentiation took place within the trenches at their hadal depths, from 
about 6000 to more than 10,000 m, is suggested by the present worldwide distribution of many 
of the species that live at bathyal and abyssal depths of 2000 to 5000 m (EKMAN, 1953, pp. 291-303). 

ZENKEVITCH and BiRSTEIN may have been right in assuming the great antiquity of many of the 
very deep faunas, but the time when they migrated to the greatest depths may be disputed. These 
considerations still do not discount the possibility of newer invasions of animals into abyssal and 
hadal depths during the Pleistocene, as proposed by BRUUN. 

In conclusion, these speculations suggest that ancient (Paleozoic and early Mesozoic) faunas 
are best preserved on the lower continental slopes that descends to the abyssal depths, away from 
recent tectonic disturbances, but close enough to land and to areas of high organic productivity to 
supply an abundance of nutrients. These speculations will need to be checked by thorough comparative 
distributional and morphological study of all the invertebrates, taken as total faunas from many 
stations, newly as well as previously occupied at various localities and in different types of bottom 
topography. 
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LETTER TO THE EDITORS 


Further evidence of a Pacific south equatorial countercurrent 


(Received 8 June 1961) 


Retp (1959) has presented evidence of a south equatorial countercurrent in the Pacific Ocean, flowing 
eastward along a surface of constant thermosteric anomaly 125 cl/T (o, = 26°81) at speeds of 10 to 
25 cm/sec. The latitude of this flow changes from 2°-5°S at 165°E to 10°-14°S at 95°W. The depth 
of this surface is approximately 300-400 m, but there is also some evidence of a surface current at 
least between 170°E and 135°W and possibly as far east as 95°W. The evidence is based on a geos- 
trophic analysis of oceanographic station data, but in the western Pacific there are also some indica- 
tions of the flow in atlases of surface currents prepared from observations of ship set and drift. 

A recent chart of surface geostrophic flow relative to the 1000 decibar surface (REtD, ms) clearly 
shows the eastward surface flow, which appears to be stronger in the west than in the cast. However, 
the scarcity of suitably located oceanographic stations in the eastern south Pacific leaves somewhat 
uncertain the nature of the current in that region. Therefore a detailed profile of observations extend- 
ing along the meridian 95° W (from 23° 40’S to 10°N) was included in the programme of the University 
of California’s STEP-I Expedition. This profile was made during the period 25 November to 7 
December 1960, approximately the season for which Rerp predicts the farthest eastward extension 
of the south equatorial counter current. 

Examination of a profile of geostrophic speed* perpendicular to the section (relative to the 1000 
decibar surface) shows eastward flow of 4 to 9 cm/sec at the surface between 5° and 8°S (Fic. 1), the 
difference in level across the flow being 4 dyn. cm. Stronger flow, up to 10cm/sec, is apparent at 
depths of 100 m to 200 m, and the subsurface currents appears to extend somewhat farther north 
(to 4°S). Eastward transport of this current is estimated as 12 x 10® m3/sec. 

Although eastward flow is evident on the thermosteric anomaly surface 125 cl/T, principal motion 
appears at shoaler depths, the isanostere of 160 cl/T lying close to the highest subsurface speeds. 
On that isanosteric surface the water has slightly higher salinity than do the waters to the north 
or south (34-92-34-93 %, as opposed to 34-90 %, orlesst). This is consistent with Reiw’s (1959)statement 
that in the western Pacific the path of eastward flow coincides with a tongue of high salinity extending 
eastward from a maximum value in the Coral Sea. 

Strong eastward flow is also apparent (Fic. 1) between 2° and 3°S, but this circulation appears 
to be a separate phenomenon and is probably part of the system peculiar to the immediate vicinity 
of the equator. 

In the equatorial Pacific the meridional slope of the thermocline is a reliable indicator of the 
location and relative intensity of the near-surface zonal currents. A bathythermograph section across 
the south equatorial countercurrent shows the thermocline sloping slightly downward towards the 
equator (FiG. 2), consistent with geostrophic flow to the east. Comparison of a station at the southern 
edge of the current (Sta. 75) with one in its centre (Sta. 77) indicates that the slope of the isotherms 
extends to considerable depths, the layer between 150 m and 600 m being significantly warmer on 
Sta. 77 (as much as 0-9° at 300m). This higher temperature is primarily responsible for the higher 
thermosteric anomaly on Sta. 77, the values being 5 to 10cl/T higher throughout the indicated 
layer. In this layer the waters on Sta. 77, in the current, have slightly more dissolved oxygen (0-2 to 
0-5 ml/Il more) and silicate (about 5 ug at/l more) and slightly less phosphate (0-1 to 0-25 yg at/I) 
than on Sta. 75. 


*In making the hydrostatic computations, the pressure terms of specific volume anomaly were 
neglected (that is, thermosteric anomaly was used rather than specific volume anomaly), the approxi- 
mation being considered adequate for the purposes of this paper (MONTGOMERY and Wooster, 1954). 

tSalinity measurements were made with a conductivity-type salinometer, the precision of which 
appears to be bettcr than + 0-01%,, in salinity units (PAQUETTE, 1959). 
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Fig. 1. Geostrophic speed (cm/sec, relative to the 1000 decibar surface) perpendicular to profile 
at 95°W. Light shading represents flow to the east, dark shading to the west. 
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Vertical temperature distribution along portion of profile at 95°W, as measured by 
bathythermograph. 
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Because of these rather subtle differences in the physical and chemical properties of the waters of 
the south equatorial countercurrent, it would be interesting to examine plankton collections for 
species which might serve to identify the current. 


Scripps Institution of Oceanography, University of California, WARREN S. WOOSTER 
La Jolla, California. 


Present address : 

Office of Oceanography, 
Natural Sciences Department, 
Unesco, 

Place Fontenoy, 

Paris 7e, France. 
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INSTRUMENTAL NOTES 


A large-volume water sampler 


(Received 6 April 1961) 


RADIOISOTOPE measurement of sea water has become an important new tool in oceanographic research. 
A recent paper, BROECKER, GERARD, EWING, HEEZEN (1960), describes the application of radiocarbon 
analysis to problems of mixing and residence time of ocean water masses. Most sea-water isotope 
samples must be collected in volumes of about 200 litres minimum. The collection of such large- 
volume samples for radiocarbon or other radioisotope analysis from deep water masses has been 
difficult as no large standard sampler is commonly available. During the International Geophysical 
Year, each oceanographic institution engaged in a radiocarbon programme had its own large-volume 
sampler for collecting sub-surface water samples. On the forthcoming International Indian Ocean 
Expedition several institutions again plan to collect large-volume water samples. 

The present note has been prepared in the belief that some standardization of the technique and 
equipment is desirable among the groups engaged in this research. The targe-volume water sampling 
apparatus used over the past eight years by workers of Lamont Geological Observatory has undergone 
considerable evolution, since it was first described by Ewinc and GERARD (1956). The present water 
sampler used aboard the R.V. Vema has approximately 220 litres capacity. It has been successfully 
used in the collection of more than 300 samples. 


DESCRIPTION 


The body of the sampler is a galvanized steel tank commercially sold as a water storage tank by 
suppliers of home plumbing equipment. One tank presently in use has been sandblasted and coated 
inside with an epoxy resin lining for collecting isotope samples where contamination from metal 
contact is undesirable. The tank has an outside diameter of 18-25 in. and a wall thickness of 0-125 in. 
The top of the tank is cut off evenly at a height of 51 in. leaving an open topped container of approxi- 
mately 220 litres capacity. A sheet metal partition is bolted across the inside diameter of the tank. 
The partition extends from the top of the tank (fitting snugly around the open door) to about 10 in. 
from the tank bottom. A rim cut from 0°75 in. steel plate is bolted in the open end of the tank. This 
rim with an inside diameter of 13 in. is lined with a brass strip which serves as a seating surface for a 
round plastic door. 

The door is made of Melamine plastic (a rigid material having canvas filler) 1°5 in. thick and 
fitted with a rubber ‘O”’ ring around its perimeter which seats against the brass-faced rim. The 
plastic door is centered above the round opening and is hinged on an axis at the same plane as the 
*O’ ring (Fic. 1). The door operates in the manner of a round flue damper. When it is open or 
vertical, it divides the tank opening in half and aids in the circulation of water through the sampler. 
When the door is closed it seals off the contents of the tank from any outside contact. 

The water sampler is provided with a reinforced piastic (epoxy resin on fibreglass) hood or scoop 
which overhangs one side of the tank and is closely fitted around the plastic door when it is in the 
vertical or open position. When the sampler is lowered in the ocean this hood channels the water 
past one side of the door into the tank. The partition inside the sampler further directs the flow to the 
bottom of the tank and thence up and out the opposite side of the opening (Fic. 2). Dye experiments 
have shown that less than 0°! per cent of an original water volume remains in the sampler after it is 
lowered 100 metres. FiG. 3 shows the round door in the open and closed position. 

The closing of the door is effected by a * messenger * in the form of a five pound weight which is 
dropped down the wire from the surface. The messenger trips a release which closes the door by 
the action of a strong tension spring within the barrel. The door closes against a stop which can 
be seen in Fic. 3. A later model combines a spring loaded pin with this stop to lock the door in place. 
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The water sampler has been made in two styles. One is designed for lowering on the end a typical 
hydrographic wire. This model has a bail and shackle fitting above the central axis of the tank. 
The photographs (Fic. 3) show this arrangement. The other type (suggested in Fic. 2) is designed for 
use with a larger diameter trawl wire and has fittings along one side for attaching it to the wire. 
When used with a hydrographic wire the sampler is provided with lead ballast cast into its bottom to 
aid in lowering. The type of sampler with the side fittings has a 1500 pound coring device affixed 
to the wire rope below the sampler as a weight. 
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Fig. |. Detail of large-volume water sampler door. 


CONTROLS 

Both types of samplers are provided with means for determining the depth of closing. Inside each 
sampler, attached to the centre partition is a reversing frame which rotates 180 degrees when the door 
is closed (FiG. 3). This frame holds a protected and an unprotected deep-sea reversing thermometer 
which indicate the temperature and depth of the sample in situ. 

Outside the sampler in contact with the door is a simple bourdon gauge (FiG. 4) which traces its 
deflection with pressure on a smoked glass slide. It also makes an identifying mark at the depth 
where the door closes. When the sampler closes, a sliding spring-loaded pin locks the door in the 
closed position while being brought to the surface. 

Immediatey after the sample is brought up samples are obtained for salinity and dissolved oxygen 
determination as a further check on water mass identification. 
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Instrumental Notes 


Wire rope Messenger 


Fig. 2. Schematic cross-section diagram of large-volume water sampler. Drawing on the 
left shows the sampler door open and the direction of circulation. Drawing on the right shows 
the door in the closed position. 
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Fig. 4. Depth-of-closing recorder showing the schematic arrangement. When the door closes 

the slide holder translates downward so that the stylus makes a vertical mark across the smoked 

slide, interrupting the curve traced by the bourdon tube due to pressure. The solid line shows 

the stylus trace to the mid-depth of a hypothetical lowering. The dashed line indicates its 
future progress to the point of closing and its return to the surface. 
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Fig. 3. Photographs of large-volume water sampler. Left photo shows door open and reversing 

thermometer frame inside barrel. Right photo shows door closed. Also shown are the bail 

for attaching the device to the hydrographic wire and the messenger-activated release mechanism. 

At the rim of the opening can be seen the door closing stop. In later models a spring-loaded 
lock has been added to this stop 
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OPERATION 


Aboard the R.V. Vema the large-volume water sampler has been used to collect samples for 
tritium, radiocarbon, Ra?26, Sr9° and Cs}87. 

In operation, the water sampler is affixed to the trawl wire outboard of the ship, lowered to the 
estimated depth and tripped by messenger after an interval sufficient for the thermometers to come 
to thermal equilibrium. The sampler is then hauled up and secured outboard at ship’s rail level, 
the door opened, and salinity and oxygen samples obtained. The sampler is then pumped out to a 
processing tank with a submersible pump which is lowered to the bottom of the sampler. This type 
of pump is used to avoid possible aeration of the sample. 


Acknowledgments—This report represents one of the results of research conducted under contract 
AT (30-1) 1808 with the United States Atomic Energy Commission. The authors wish to thank 
Mr. RAYMOND MCELRoy of the Lamont machine shop and Mr. Kerry Oxner of the R.V. Vema 
for their contributions in this project. 
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Improved techniques of deep-sea rock-dredging* 


(Received 21 August 1961) 


A DREDGE especially designed to free itself from a rocky bottom was used to gather rock from the 
north wall of the Puerto Rico Trench in water depths greater than 2500 fm (6398 m). It was positioned 
near the bottom by an acoustic technique which has been used successfully to control camera lowerings 
(EDGERTON and CousTEAU, 1959) and corings (HERSEY, 1960). Acoustic pulses from a pinger suspended 
deep in the water arrive at the ship’s echo sounder bya direct and bya bottom-reflected path. The difference 
in arrival time between these two paths is read on a Precision Graphic Recorder (KNoTT and HERSEY, 
1956) which indicates its distance from the bottom. Thus, when a pinger is placed on the wire rope 
300 ft above a dredge and then lowered to 90 to 120 ft above the bottom, one may be sure that the 
wire rope is dragging the dredge along the bottom and pulling at an angle not far from horizontal. 
This arrangement permits dredging in deep water with a scope of ten per cent or less of the total wire 
out, so that the weight of wire out is reduced, the location of the dredge is fairly weil determined, 
and excess wire is not paid out to tangle on the bottom. The character of the bottom ahead of the 
dredge is also indicated by recording local roughness, side echoes, and sometimes layering below 
the sediment surface. 

Often during the dredging on the slope of the North Wall of the Puerto Rico Trench no bottom 
echo was recorded until the pinger was near the bottom. In one instance, a trace was not obtained 
until the dredge was less than 100 fm above the bottom. This is contrary to previous experience with 
pingers in other places where the bottom echo is recorded throughout a lowering. 

Photographs of the north wall! of the Trench taken in 1960 revealed rocks too large to be recovered 
with the chain-bag or pipe dredges and towing cable then in use. Therefore, a special chain-bag 


*Contribution No. 1216 from the Woods Hole Oceanographic Institution. 
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dredge was designed so small that it would select cobbles or smaller fragments. A bail free to swivel 
between stops permits the dredge to ride over boulders or massive outcrops with less danger of be- 
coming snagged (Fic. 1). 
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Fig. 1. Diagrammatic sketch of the dredge. 


One side of the dredge is weighted with about 100 pounds of lead so that this side will tend to 
drag on bottom. A hundred-pound weight is attached to the dredge by a bridle of two chains or 
wire rope. A weak link is attached to each side of the bridle to protect the dredge in case the weight 
becomes caught on the bottom. This weight is required to stabilize the chain bag while it is hang- 
ing by the side of the ship and subject to wave action and during its descent. A weak link of rope 
with a swivel on each end is rigged between the ship’s cable and the bail. A light chain is led from 
the end of the wire rope to the chain-bag near the throat of the dredge in order to overturn the 
dredge and recover it without dumping the bag in case the weak link breaks. 

Two dredges were constructed, one free to pivot through 100 degrees, the other through 30 
degrees. The 100-degree dredge brought in the largest collection of rocks in any single haul. Sub- 
sequently, six similar hauls recovered no rock at all even though mud smears showed the dredge 
had dragged along the bottom. The 100-degree dredge may have been digging into the mud in- 
sufficiently. Therefore, the last two hauls were made with the 30-degree dredge ; both of which 
brought back some rock. During these hauls with these two dredges the cable tension was lower 
and more uneven when using the 100-degree dredge. This suggests that the 30-degree dredge con- 
tinuously dug farther into the mud. 
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A vacuum-filling water sampler 


(Received 26 January, 1961) 


For ONE of the Weapons Tests near Bikini it was desired to take samples of sea water at several 
depths without introducing even small traces of contamination from surface water in which large 
concentration of radioactivity was anticipated. It was desired to take one-gallon samples to depths 
of no more than about 300 metres; the use of copper and brass containers was in this instance per- 
missible, but loss of gas content was to be avoided; also contamination from atmospheric gases. 
The samplers that were constructed for this special work performed so well, that a brief description of 
them would appear justified. 

The vacuum-filling technique is not new; microbiologists have been opening sterilized bottles 
under water for many years and trapping small samples (ZOBELL, 1941). However, mechanical 
problems are introduced when this technique is extended for taking large samples since the full 
crushing strength of the sea must be resisted by the container. Fortunately, there are numerous 
valves and fittings manufactured for refrigeration devices that will retain vacuum and will withstand 
extremely high external pressure; and cylindrical tanks strong enough to reach the deepest water 
need not become awkwardly heavy, if limited in size to a few litres. 

Fic. 1 shows four views of the sampler actually used at sea. The collecting tank (1 gallon) was 
constructed out of hard copper tubing 2-5 in. diameter and 48 in. long; the tank can be removed 
and used as shipping container. Valves are provided at both ends to assist ‘ closed system transfer ’ 
and gas analysis in the laboratory. The frame and most of the fittings are made of brass, the tank 
clamps of Micarta. The usual provisions are made for clamping several samplers on the wire and for 
transferring messengers to activate all of them; details are evident in Fic. | and Fic. 2. 

The tank is exhausted with a vacuum pump prior to the expedition or on board to somewhat 
below | mm of mercury pressure* ; both valves are closed when the tank is lowered. The lower valve 
is opened to admit the desired sample by a blow from a flywheel rotated by a spring. Opening valves 
of this type requires a large initial torque followed by rotation through several turns; the mechanism 
illustrated provides for this. 

Fic. 2 is a slightly exaggerated, exploded, view illustrating the valve opening mechanism. 

In one of the tubular frame members there is a rod (1) that is pulled upward when the messenger 
arrives at the sampler. The extended end (2) of this rod pulls up and releases yoke (3) to swing to the 
right, pulled by spring (4). This causes lever-pin (5) to move so that latch hook (6) comes out of 
notch (7) in flywheel (8). 

The flywheel is fixed to spool (9), but both are free to rotate around shaft (12). A tension in cable 
(10) from long spring (11) causes spool (9) to turn when the flywheel is released. At first the flywheel 
turns freely on shaft (12), however after about 1/3 revolution the pin (17) fastened to the flywheel 
strikes bar (13) which is welded to shaft (12) and continues to turn this bar several revolutions after 
delivering the violent starting blow. The square shaft of the standard refrigeration-type * right-angle 
cutoff valve ’ (15) extends into a square hole (14) in the end of the shaft (12), and the valve shaft 
therefore turns when the bar (13) is turned. This action, a violent blow followed by a gentle torque, 
is most effective for opening valves of this type. 

This sampler has been used on hydrographic wires and also on larger cables; it weighs about 
29 pounds when empty and 37 pounds when full. One man can handle it with ease on deck, assembled 
or with the tank separated. In heavy seas he needs an assistant for removing the full sampler from 
the cable; in some cases it is preferable to separate the tank first. 

For deeper sampling a tank with thicker walls can be provided and, for volumes of less than 
four or five gallons, need not be awkwardly heavy. For example, aluminium alloy tubing 4 in. 
o.d. with 3 in.-wall thickness is available (A. VINE, pers. comm.) with strength sufficient to withstand 
forces expected at depths of 5000 metres and more. Tanks and fittings of other more resistant metals 
can be substituted where required, or relatively inert linings can be applied. 

No universal deep-sea sampler has ever been made, nor is likely to be. What has been presented 
here is a departure from what is commonly seen at sea; it is hoped only that this might induce a 


*For eliminating traces of absorbed atmospheric gases these tanks can be heated and pumped 
to a small fraction of this pressure in the laboratory. 
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few new designs for special purposes. Perhaps the greatest need for this bottle is in the collection 
of sea water where the analysis of isotopes of such gases as argon, nitrogen or oxygen are to be made 


by mass spectrometry. 


Fig. 2. 


It is common practice of the Scripps Institution to line ordinary Nansen bottles with epoxy 
polymer; coating the sealing surfaces of the metal cock is not attempted. The varnish is poured into 
the tank, it is drained and then the tank is baked overnight. Vacuum-sampler tanks also might be 
treated this way; and wherever the extra cost is justified, they might also be fitted with stainless steel 
or plastic valves. Suitable (right-angle type) valves have long been available in stainless steel and in 
monel metal (Hoke Inc.); more recently * globe’ and ‘ needle’ valves made of tough plastics have 
become available (Chemitrol Corp.). Fortunately, there are many of these commercial valves that will 
withstand extreme external pressure, and seal effectively. 


Scripps Institution of Oceanography, T. R. Foisom 
University of California, F. D. JENNINGS* 
La Jolla, California. 

*Presently at Office of Naval Research, Washington, D.C. 
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A plastic-barrel sediment corer 


(Received 9 May 1961) 


INTRODUCTION 


A PROGRAMME was initiated by the U.S. Hydrographic Office in 1958 to investigate engineering and 
mass physical properties of marine sediments (RICHARDS, in press and in preparation). Conventional 
gravity- and piston-type corers using small-diameter metal barrels with or without plastic core liners 
were found unsatisfactory for use in this programme: metal barrels easily rusted and were difficult 
to section into short lengths for vane shear strength tests of the core within the barrel, and cellu- 
lose acetate butyrate core liners readily lost water if not protected from desiccation (KELLER ef al., 
in press); neither the Ewing- nor Kullenberg-type corers in use by the Hydrographic Office (1955, 
p. 54-66) obtained cores with diameters large enough to provide sufficient material for certain 
laboratory tests made occasionally on very short, | cm, samples. 

Consultation with plastics experts in the Office of Naval Research and Naval Ordnance Laboratory 
indicated that two readily available plastic pipes, polyvinyl chloride (PVC) and filament-wound 
epoxy resin fibreglass, might prove satisfactory for use as core barrels. Both were tried at sea and 
functioned well, however, because epoxy resin of the fibreglass pipe cracked and chipped if roughly 
handled, further development was confined to PVC pipe. 


CHARACTERISTICS OF PVC PIPE 


Physical properties of rigid, high-impact grade, unplasticized PVC extruded thermoplastic generally 
compare well with those of steel (TABLE 1). Tensile, compression, and impact strengths of PVC are 
respectively about one-tenth, one-third and one-half that of steel. PVC is lightweight, has self- 
extinguishing burning properties, is nearly impervious to water, and the interior surface is very 
smooth and glossy. Natural PVC colour is opaque gray moulded into the plastic. In the nominal 
7-6 cm (3 in.) size, several U.S. manufacturers can supply PVC pipe in stock 6-2 m (20 ft.) lengths, 
with the following dimensions : outside diameter (o0.d.) 8-89cm (3-500 + 0-010 in.) and inside 
diameter (i.d.) 8-18 cm (3°220 + 0-005 and — 0-010 in.); a wide selection of other sizes also are 
available. 


DESCRIPTION OF CORER 


The design of the apparatus, called the Hydroplastic corer, is more or less conventional (Fig. 1)*. 
The corer is adaptable for use with or without a piston by respectively removing or installing a check 
valve screwed to the top of the weight stand (Fic. 2). Neoprene gaskets under PVC attachment 
bolts and a sponge-rubber gasket at the top end of the barrel provide an adequate water seal to 
enable the valve to be effective. Whether operated with or without a piston, an appropriate release 
mechanism is recommended for use with the corer to permit free-fall operation; the HvorsLev- 
STETSON (1946, p. 944) release mechanism is used at the Hydrographic Office. 

Mr. C. Backus of the Hydrographic Office suggested the novel design of the weights (Fic. 3), 
which facilitates easy installation and removal aboard a rolling ship; the design is a modification 
of the ridge and groove lock system described by KULLENBERG (1955, p. 46). Each weight weighs 
22-7 kg (50 Ibs.), and normally 3 to 6 are used. Core barrels are prepared for attachment to the 
weight stand by squaring-off the end of the barrel in a mitre box and drilling eight holes for the 
bolts using a jig. The corer nose (FiG. 4) is easily installed on the barrel using hex-socket set screws 
that have been sharpened on the cutting end to be self tapping. The cutting edge of the nose has a 
double bevel : a 30° edge angle for the first 6 mm (0-25 in.) and a 5° angle for the remaining 5 cm 
(2in.). Dimensions of the nose and barrel wall thickness (3-5 mm) were chosen to provide fairly 
small clearance ratios (TABLE 2). Each barrel is expendable and cores are returned to the laboratory 


in their barrels. Barrel cost, approximately two dollars per metre in 1960, is about the same or a ‘ 
*Detailed plans are obtainable from the Hydrographic Office by requesting drawing number me . 
543-0113. og 
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RING 


WEIGHT 


SUPPORT 


GASKET 


BUSHING 


POLYVINYL CHLORIDE 
PIPE 


CORE CATCHER 


Fig. 1. Schematic drawing of the Hydroplastic corer. Dimensions in inches. 
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Fig. 2. Latest model of the Hydroplastic corer showing release mechanism and Phleger-corer 
trip weight. Note check valve installed at top = weight stand under the bail. Official U.S. 
Navy photo. 


i 
; 


Fig. 5. Fifty-cm length of core, taken with the Hydroplastic corer, showing three circular animal 

burrows. Scale in inches. Deep striations on core were made by core-catcher leaves that had 

been crudely reinforced with solder aboard ship to prevent leaves from turning inside out from 

weight of core; necessitated because a check valve was not used on the first model of the corer. 

The catcher subsequently was modified with slightly thicker leaves that no longer turn inside 
out or mar the core like this. Official U.S. Navy photo. 
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little less than occasionally replacing a rusted steel barrel and using expendable cellulose acetate 
butyrate core liners. 


Table 2. Clearance and area ratios of some U.S. cores 


Area 
ratio | Referencet 


Piston or | Clearance ratios 
Corer* gravity type | inside outside 


USHO Hydroplastic either This paper 
USNEL Hydroplastic either This paper 
HvoRSLEV—STETSON gravity | | HvorsLev and STETSON, 1946 
USHO Ewing’ piston This paper 

Lamont Ewing piston HEEZEN, 1952 
USHO ‘Kullenberg’ | either This paper 
USNEL standard either This paper 


| 
| 


*Corers labelled in quotation marks refer to those described by the U.S. Hydrographic Office, USHO, 
(1955, pp. 54-66). 


+Dimensions from references cited; computation of ratios by the writers, if not given in the reference. 


PERFORMANCE 


Tests at sea in 1959 showed that the corer apparently towed in a position inclined to the vertical 
whenever the ship drifted on station with wind speeds of more than a few metres per second. The 
drag resistance of the large-diameter lightweight barrel, together with the arrangement of weights, 
resulted in the corer being unstable. Cores were obtained when there was little or no wind, but in 
any kind of a breeze they were unobtainable. 

A stability analysis was made at the David Taylor Model Basin during the winter of 1959-60 
which indicated a shroud with a diameter greater than that of the weights would reduce instability 
during free-fall. The shroud, it might be remarked, is more effective than fins placed directly behind 
weights without aft streamlining because the shroud is relatively unaffected by water turbulence 
created by the weights. Tests of a modified corer with shroud and a 1-5 m-long barrel were made in 
the 30-m deep water tank at the Naval Ordnance Laboratory. Using 5 and 6 m free-fall heights, 
the tests showed that instability was eliminated by use of the shroud. There was no need to streamline 
the weights. 

Piston cores up to 2:6 m long were obtained during sea tests in late 1960 using this modified corer 
with a barrel 3 m long in water depths exceeding 3-7 km in the vicinity of Bermuda. Some of the 
cores, composed of silt- and clay-size material, contained a sand layer 15 cm thick that appeared 
undisturbed by the corer. The corer worked each time it was used, despite the 15- to 20-m/sec 
wind blowing during the tests, except where the bottom was sufficiently hard to dent the core nose 
or to cause the core barrel to break about | m above the nose. The breaks were angular and, in part, 
resulted from the degraded performance of PVC near zero centigrade (see TABLE 1). Conven- 
tional corers with metal barrels also proved ineffective in the same area. 

Elsewhere, the first model of the Hydroplastic corer had been used in 1959 without a piston to 
obtain cores of clayey silts up to 26m long in water depths of 2 km. 


DISCUSSION 


Design requirements for corers have been facilitated by the results of an important series of tests 
performed on varied clays by the Committee on Sampling and Testing of the American Society 
of Civil Engineers (HvorsLEv, 1940 and 1949). Additional tests made by the Royal Swedish Geotech- 
nical Institute (JAKOBSON, 1954; KALLSTENIUS, 1958), generally confirm HvorsLev’s (1949, p. 105-109) 
recommendations : long samplers in cohesive sediments should have an inside clearance ratio, C;, 
of 0-75 to 1-5 per cent; an outside clearance ratio, Cy, of less than 3 per cent; and an area ratio, C,, 
less than 10 per cent. A greater area ratio was considered permissible if the corer had a stationary 
piston, a high velocity of penetration (the usual case in deep-sea coring), and/or a very small cutting- 
edge angle. The ratios given above are defined by : 
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Fig. 3. Drawing of a weight. The ridge and groove lock system and slot facilitates easy 
installation. 


PVC PIPE 


CORE NOSE 


Fig. 4. Detail of the core nose, spring-leaf core catcher, piston and end of PVC barrel. 
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(1) 


where D, is the minimum inside diameter of the core barrel and D, is the minimum inside diameter 
of the core nose, 
D, 


(controls outside friction) (2) 
t 


where D,, is the maximum outside diameter of the core nose and D, is the outside diameter of the 


core barrel, and 
D,? — D2? 
C= - De (3) 


Comparison of the ratios of the Hydroplastic corer with several other corers used in the United 
States is given in TABLE 2. In this table, the Hydroplastic corer built by the Navy Electronics Labora- 
tory has a barrel with dimensions of 7-3 cm (2-875 in.) o.d. and 6:7 cm (2-635 in.) i.d.; it has not 
been used in the field on fine-grained sediments (E. L. HAMILTON, personal communication). With 
respect to the ratios, it is noteworthy that KULLENBERG (1955, p. 49) reduced the inside clearance 
ratio of the corer used on the Swedish Deep-Sea Expedition from 2-2 per cent (dimensions from 
KULLENBERG, 1947, p. 15) to zero, believing that more damage occurred from a core cutter entrance 
diameter smaller than the core tube than by friction. 

HvorsLev (1949, p. 109) found that the maximum safe or * undisturbed * length, L,, of cohesive 
sediments was approximated by the equation 


L, = 10 to 20 D,. (4) 


He noted that greater safe lengths were obtainable with higher penetration velocities. The maximum 
useful barrel length of PVC without excessive bending (8-9 cm o.d. and a wall thickness of 0°35 cm) 
is about 3 m (10 ft), and it is possible that cores of nearly this length may be free of disturbance 
(L, = 32 D,). Evidence in support of this statement was obtained in 1959 when a gravity-type 
core of homogeneous clayey silt was collected with the original model of the Hydroplastic corer. 
The surface 50-cm length of one of the first cores taken contained three hollow animal burrows, 
each about | cm in diameter, that were perfectly circular in cross-section, lined with fecal pellets, 
and extended straight through the diameter of the core without noticeable bending (Fic. 5). (Size of 
burrows and shape of pellets were similar to those described by Moore, 1931). 

The apparent lack of core shortening in the top approximately 50 cm supports the conclusion of 
HvorsLev (1949, pp. 105-119), restated by HAMILTON (1960, p. 377), that core shortening does not 
occur in the topmost part of gravity cores. However, RICHARDS, (in press) discusses the problem 
of core shortening in light of recent developments in the field of soil mechanics, and points out that 
a core length of 40 to 75 cm (15 to 30 in.) probably is obtainable without noticeable core shortening 
only by corers designed with appropriate clearance and area ratios. Properly designed corers (for 
undisturbed sampling} generally have not been used by oceanographers (see TABLE 2), except by 
Hvors.ev and STETSON (1946). Performance of the Hydroplastic corer doubtless would be further 
improved by reducing the clearance and area ratios to more arly conform with those recommended 
by HvorsLev. 


Acknowledgments—Messrs. R. WILEY, Office of Naval Research and F. R. Barnet, U.S. Naval 
Ordnance Laboratory, recommended suitable plastics for core barrels. Messrs. C. BACKus and 
A. OLSHEFSKI of the Hydrographic Office Instrumentation Division helped in the design and drafted 
engineering drawings. Mr. C. M. YEOMANS, Bureau of Yards and Docks, suggested the stability 
analysis, which was made by Mr. C. WALTON under the direction of Dr. L. F. WHIcKER, both of the 
David Taylor Model Basin. The Naval Ordnance Laboratory experimental water tank was made 
available by Mr. C. M. PAULK; Messrs. J. A. BREAZEALE, A. P. SysMa and J. Q. Tierney of the 
Hydrographic Office assisted in the tank tests. Sea tests were made aboard the U.S.S. San Pablo, 
a Hydrographic Office oceanographic survey ship, with the able assistance of her officers and seamen. 
Illustrations accompanying the paper were drafted at the Navy Electronics Laboratory. We thank 
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Lenses for underwater photography} 


(Received 2 June 1961) 


INTRODUCTION 


IT HAS long been recognized that a lens designed for use in air will have off-axis chromatic aberration 
when used behind a flat window for photographing an underwater scene. These errors become 
worse at the edge of the field for large angles. Wide-angle lenses are essential for underwater photo- 
graphy because the light absorbing and scattering properties of sea water require the camera to be 
close to the subject. 


+Contribution No. 1196 from the Woods Hole Oceanographic Institution. 
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Several solutions have been given to the aberration problem : for example, M. Dratz (1947; 
1951; 1953; 1953a; 1956) who designed a window which corrects the aberrations, R. Ross (see KNAPP, 
1947) who shows that a camera lens with front nodal point at centre of curvature of the spherical 
windows will give distortion no worse than in air, A. IvANoFF (195la and b, 1953) who designed a 
two element window which corrects chromatic aberration, astigmatism and distortion, E. THORNDIKE 
(1950; 1953; 1955) who designed a chromatic correcting system with two elements for use in the 
water in front of the window (Fic. 3), and J. BAKER who designed a two element behind-the-lens, 
quick-fix corrector (Fic. 4). THORNDIKE (1950; 1953; 1955) has also succeeded in designing a special 
wide angle (37-5° half angle) lens of f/11 aperture, employing a spherical window which is only for 
underwater use. 

This paper presents the design of two lenses which are only for underwater use, behind a flat 
glass window, therefore, the lenses are specifically designed to eliminate the chromatic and other aber- 
rations that are experienced. In other words, these two lenses are designed initially to work in the 
underwater camera, and will have large aberrations when used in air. 


LENS DESIGN FOR UNDERWATER 


If the complete window-lens system is designed as a unit, the lateral colour introduced by the 
front window is relatively easy to correct. It seemed advisable therefore, to design at least two 
types of systems fully corrected for a plane parallel window in front of the first lens. This paper 
describes two such lens systems which are fully corrected for all the monochromatic and chromatic 
aberrations, and they are no more complicated than lenses of equivalent field of view which would 
be designed for air. These lenses were designed for photography at great depth, so relatively thick 
windows were found necessary. Actually, the thickness of the window does not enter into the calcula- 
tions except for object points very close to the window. These lenses can therefore be used with the 
thin windows currently being employed for shallow underwater photography. The lenses should be 
useful for general underwater photography, for all object distances greater than approximately three 
feet from the front surface of the lens. 


REQUIREMENTS FOR UNDERWATER LENS 


The design characteristics of the lenses to be described were determined primarily by the need 
to photograph the bottom of the ocean without distortion in order to gain the maximum amount of 
information. This type of photography is usually done with an electronic flash lamp, of very intense 
illumination. The film is often black and white. In order to obtain adequate depth of field, which 
is important in this type of photography, it is necessary to have a large f-number. It appeared that 
an aperture of f/11 would be ideal for many applications involving black and white film. When 
colour photography is involved, the speed of the lens must, of course, be greater. It was felt that a 
aperture of f/4-5 would be suitable for colour photography. Two lenses, one f/11, the other f/4-5, have 
been designed to meet these two requirements. Actually the f/4-5 lens can be used at f/11 since it is 
furnished with an adjustable stop. 

The lenses were designed to cover film formats having a half diagonal of 2:286cm. This is the 
standard 35 mm frame size for which the normal lens in air has a focal length of 50 mm. Since under- 
water lenses look through the glass block window into sea-water, the real field of view is reduced 
by approximately 1/n where n is the index of refraction of the water. In order to obtain the sarne 
real field of view as a standard 50 mm lens used in air, it is necessary to reduce the focal length of 
the underwater lens to 36°8 mm. The lenses described were designed to have focal lengths of about 

+35 mm in air. These lenses therefore cover an angular half field of 33-1° in air. In water, this angle 
is reduced to 23-7°. For the photographer of the ocean bottom, this figure (23-7°) represents a standard 
field-of-view lens; while for the lens designer who has to design a lens to cover a wide field in air, 
this is a wide field lens. 


GENERAL CONSIDERATIONS 


Using the indices of refraction for sea water at 0° (TABLE 1), it was possible to compute that the 
lateral colour introduced by the sea-water to glass and glass to air interface would amount to 105 
microns at the maximum field angle for the lenses. This is fully ten times the least detectable amount 
of lateral colour. The lens must therefore correct for approximately 100 » of lateral colour. 
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In designing the lenses, full consideration was given to keeping the diameter of the front window 


as small as possible. For very deep water photography, large unsupported openings require excessively 
thick windows. 


Table 1. The indices of refraction of sea-water at 0° C 


(A) N 


1-356532 
1-358404 
1-362777 


THE F/11 DESIGN 


Since the field of view of the lens is large, and the f/11 aperture is small, a symmetrical lens is 
the obvious choice. For an air lens with these requirements, it would be possible to design a simple 
two-element lens made up of two nearly identical meniscus elements surrounding the stop. In order 
to correct for the lateral colour in the water lens, it was necessary to make the rear element a doublet. 


Fig. 1. Cross section of f/11 lens to be used underwater. For specifications see Table 2. 


The first lens design was nearly symmetrical; but its size was so small that it would have been difficult 
to make. For this reason, the power of the front meniscus was made slightly negative, and the 
completed lens was a slightly reversed telephoto. The final lens is illustrated in Fic. 1 and its speci- 
fications are shown in TABLE 2. 


Table 2. Specifications for the F/\1 lens. Focal length 35 mm (in air). 


Surface | Radius Thickness 


N N 
(cm) 


Cc 


| 1-362777 1-356532 
plano ‘ 1-508600 
plano ‘ . ‘ 1-000000 

plano 
2:08298 — 
4-00000 
0-93050 


The lateral colour in this design has been reduced to a negligible amount over the entire field of 
view. The quality of the image is described by giving the point source energy concentration for 
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two energy levels. TABLE 3 shows spot sizes which contain 30% and 50% of the total energy from point 
sources in three positions in the field. The Table also shows estimates of the resolving power on 
Super XX film for the same three positions in the field of view. 


Table 3. Spot sizes for 30 and 50 per cent energy levels for the F/11 lens 


30% Energy 50% Energy High Contrast Low Contrast 
Image Height Spot dia. Spot Dia. Resolving Power Resolving Power 
(cm) Lines/mm 


0 4 7 55 
1:716 8 16 46 
2:380 28 44 20 


THE F/4-5 LENS 
It was necessary to add considerable complexity to the design in order to open the aperture to 
f/4-5. The final design appears to be a distinctly different type, and it is much larger for its focal 
length than the F/11 lens. It also is an inverted telephoto lens. The final design is illustrated in Fic. 2, 
and the specifications are given in TABLE 4. TABLE 5 shows the energy distributions, and resolving 
power data for this lens. 
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Fig. 2. Cross section of f/4-5 lens to be used underwater. For specifications see Table 4. 


Table 4. Specifications for the F/4-5 lens. The focal length equals 35 mm (in air). 


Surface Radius Thickness | N Ne 
(cm) 


plano 
plano 

25-62000 
2:41800 
5-60400 

32-97000 — 
2:16000 

15-91001 
7-6$200 — 
1-67500 

plano 2 ‘ 
4-53500 : 1-616380 
2-13600 1-645120 
2°81400 — 1-000000 
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DISCUSSION 


Comparison of TABLEs 3 and 5 show that the two lenses should perform approximately alike. 
The f/4-5 lens was a much more difficult design problem and, of course, is a more complicated lens. 
Photographs have been taken with the above lenses, and they show definite improvements over the 
usual type of underwater photography with lenses which have not been corrected for lateral colour, 
and other corrections. Fic. 5 is a scene taken underwater with the f/4-5 lens. A similar scene taken 
in water with an f/3-5 35 mm lens is shown in Fic. 6. Note the clarity of image throughout Fic. 5. 
compared with the distortion at the wider angles in Fic. 6. Fic. 7 is representative of results obtained 
at sea with the f/11 lens. Note the excellent qualtity of the photograph. 
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Fig. 3. Thorndike ‘ in the water’ two element corrector. See Thorndike (1953; 1955). 


R= 0.605 


Fig. 4. Two-element correcting system as used with the 35 mm f/3-5 Summaron lens as designed 
by Dr. JAMES BAKER. 


Table 5. Spot sizes for the 30 and 50 per cent energy levels for the F/4-5 lens 


30% Energy | 50% Energy | High Contrast | Low Contrast 

Image Height Spot Dia. | Spot Dia. | Resolving Power Resolving Power : 
(cm) (u) Lines/mm Lines/mm 

0 5 17 54 23 = 
1-18 10 21 43 21 ss 
2-23 33 | 50 18 12 7 


Acknowledgment—The f/11 lens was designed with funds from the Research Committee of 
the National Geographic Society to aid the Massachusetts Institute of Technology in the development 
of deep-sea photographic equipment. Funds from the Woods Hole Oceanographic Institution met 
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Fig. 5. Underwater photograph of a tile wall in the swimming pool at the Massachusetts 
Institute of Technology at f/4:5 on Plus X film at 13 feet from the underwater lens shown in 
Fig. 2. (Focused 9 feet in air). 


Fig. 6. Same as Fig. 5 except photograph is made with an f/3:5 35 mm lens to illustrate dis- 
tortion and aberration experienced underwater with a conventional air lens. 
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Fig. 7. Photo of ocean bottom about 400 fathoms deep by RICHARD Pratt of the Woods 
Hole Oceanographic Institution with the f/I1 lens shown in Fig. | on Plus X film. Location 
Hydrographer Canyon, 40° 6’ N, 69° O1’ W. 
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some of the costs of the f/4°5 lens design. The Wollensak Optical Company assisted with the manu- 
facture of the lenses and shutters. 

Design of the f/11 and f/4-5 lenses was accomplished by Prof. Hopkins at the University of 
Rochester, using an I.B.M. computer. The underwater lens tests were made in the swimming pool 
at the Massachusetts Institute of Technology by Prof. EpGeErTOoN. Perkin-Elmer contributed computer 
time to aid Dr. JAMES BAKER with his corrector design. 


RosBerT E. Hopxins* and HAROLD E. EDGERTON** 


*Department of Optics, University of Rochester, Rochester, New York. 
**Department of Electrical Engineering, Massachusetts Institute of Technology, Cambridge, Mass. 
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BOOK REVIEWS 


Selected Bibliography on Algae No. 5 (Edited by JoANN Morris and B. L. ANDERSON). Nova 
Scotia Research Foundation, 1960, 220 pp. 


THE Nova Scotia Research Foundation is to be congratulated on the production of another 
volume in its series of ‘ Selected Bibliography on Algae.’ The librarian and the two editors of 
the bibliography have obviously expended a good deal of time and energy in compiling this work 
which provides a valuable source of references, especially on the economic and industrial applica- 
tions of marine algae and their products. A useful author index covers not only this volume but 
also the preceding four volumes. 

We do, however, think that if the standard abbreviations given in the World List of Scientific 
Periodicals (1952) had been used, in preference to those given in Chemical Abstracts, it would 
have considerably enhanced the value of this bibliography. Further, if instead of giving the 
Christian names of authors, the surnames of all co-authors had been given rather than the ef 
al. abbreviation, it would have facilitated the tracing of references. It would also help to have 
an indication (by symbol) of the language of the text when a translated title is used; again a 
symbol used to show that a reference had not been seen in the original might be less confusing 
than the full details of the source of the reference. 

In spite of these very minor inadequacies the bibliography will prove most helpful to marine 
phycologists. No research worker can hope to cover all the current literature and many only 
have ready access to a limited number of current publications. It is only by using bibliographies 
such as this that many research workers, in the limited time at their disposal, are able to trace some 
of the publications in their field. We hope the Nova Scotia Research Foundation will continue in 
its good work by producing further ‘ Selected Bibliographies on Algae.’ 


G. T. BoALcH and M. PARKE 


Seven Miles Down (The Story of the Bathyscaphe Jrieste). JACQUES PICCARD and RosertT S. Dietz, 
G. P. Putnam’s Sons, New York. 249 pp, 54 photographs. $5.00. 


JACQUES PICCARD is the well-known son of AUGUSTE PICCARD who is at home high in a balloon 
as well as far below the sea surface. ROBERT Dietz is a marine geologist whose studies have 
included such problems as the origin of ocean basins and astroblemes and whose interests led 
him to be one of the first to use Scuba as a scientific tool. Trieste of course is the ‘ boat’ which 
on 23 January 1960 set the record deep dive of 10,910 min the Challenger Deep of the Mariana 
Trench off Guam. Since this is the deepest known place on Earth’s surface the record is not 
likely to be surpassed. 

In nine chapters the book traces the development of the bathyscaphe (deep boat) from the 
initial bold concept of AuGusTE PiccaRD to the culmination with Trieste at the bottom of the 
Challenger Deep. The first stages are passed over sketchily so that the book really begins with the 
dives of FNRS-2 (the Belgian Fonds National de la Recherche Scientifique) off Dakar on 3 November 
1948. FNRS-I was the balloon built by funds from the same organization. The book continues 
with some of the problems of rebuilding to improve the float of FNRS-2 at Toulon by the French 
navy as FNRS-3. FNRS-2 had been built as a sort of individual operation using foundation 
funds. When there seemed to be doubt that rebuilding by the French navy would ever start, 
funds were raised in Switzerland and offers of aid by various industries were given. Eventually 
these funds and offers plus others from industries at Trieste were used to build a new and improved 
bathyscaphe at the same time that FNRS-2 was being rebuilt at Toulon. Because of the aid 
rendered by the city, the new bathyscaphe was named Trieste. Its construction was even more 
of an individual operation than was that of FNRS-2, with no committees, reports, or red tape. 
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On 26 August 1953 Trieste made her first deep dive, 1080 m off Capri. By the end of 1954 a total 
of only 15 dives had been logged in the Mediterranean and lack of funds and ship facilities pre- 
vented the making of really deep dives in the ocean beyond. During 1955 the craft was inactive, 
but in 1956 some Swiss and Italian funds permitted the making of seven more dives in the 
Mediterranean. At this stage sponsorship by the U.S. Office of Naval Research, which became 
interested in the craft largely through Dietz’ efforts, led to the making of 26 more dives during 
1957. With the bathyscaphe purchased by the U.S. navy and brought to San Diego, California, 
another ten dives were made off San Diego to a maximum of 1280m. Finally, at Guam the 
big dive came after six preparatory ones, with PiccARD at the controls for the last time and 
Lt. D. WALSH as co-pilot. 

The book refers to, but does not dwell upon, the mechanical problems, the red tape, and the 
lack of decisions by navy bureaucracy, and newspaper exaggerations—all familiar to ocean- 
Ographers. 

The tenth chapter is devoted to ideas for constructing bathyscaphes and other deep vehicles 
of the future. Many different designs will be required for the different objectives of seeing, sampl- 
ing, and measuring in situ. The eleventh and last chapter considers the philosophy of why we 
need and want to know more about the ocean, giving many interesting episodes in the develop- 
ment of our present imperfect state of knowledge of the ocean. Finally, appendices give technical 
details of Trieste and a simplified log of her various dives. 

The book is a very readable one, partly because of the aid given by RoBERT Dietz’ novelist 
brother, Lew, but also because of the thorough knowledge of Piccarp for his Trieste and of 
Dietz for the ocean. The enthusiasm of both for their subject is evident. The reviewer heartily 
recommends the book to all oceanographers. 


University of Southern California, Los Angeles. K. O. EMERY 


Life in the Sea. LENNART NILSSON and GosTA JAGERSTEN. Foulis, London, 1961. 50s. 


“THE aim of this book is to give the interested layman a picture, albeit incomplete, of the over- 
whelmingly rich ‘ lower’ world of mainly smaller forms of marine life.” The main part of the 
* picture ’ is a series of remarkable (living) photographs and microphotographs taken by LENNART 
NiLsson, which are described in a simple, but illuminating, way by Professor Gosta JAGERSTEN 
The photographs, which are very well produced, fit nearly with the text to present intimate biological 
profiles of many organisms found in northern European waters. Students will find that this book 
can give life to some of their lecture notes. 

The smaller forms of marine life; diatoms, dinoflagellates, silicoflagellates, tintinnids, radio- 
larians, foraminiferans and amoebae are shown in photographs that give revealing impressions of 
relative size and form. Apart from some magnificent habitat and close-up pictures of pipe-fishes, 
the remaining part of the book is concerned with the metazoan invertebrates. Perhaps the most 
interesting section is that illustrating the life history of the archiannelid, Protodrilus rubopharyngeus 
(in particular the invariable dependence of metamorphosis on the presence of wave-washed 
grains of sand). Some of the other unusual photographs feature : strobilisation of a jellyfish 
polyp; a myzostome walking on a sea lily; a duel between two bristle-worms; the pairing dance of 
syllid worms (Autolytus), fertilisation in Balanus crenatus; the small parasitic gastropod, Odostomia 
plicata; a fight between a lesser octopus (E/edone) and a lobster, and the metamorphosis of the 
starfish, Luidia. All these photographs must have required much time and patience, which is no 
doubt why they have such biological relevance. 

The English publishers claim that the book will not only interest naturalists, but also *... that 
widening section of the public that is vitally interested in art and artists and looks to the photo- 
graph for the conquest of new ascetic values.’ Apart from a needed transmutation of the word 
* Ascetic,’ this seems a fair claim. Structure, pattern and tactile values are splendidly revealed 


in many of the photographs. 
N. B. MARSHALL 
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DEEP-SEA RESEARCH AND OCEANOGRAPHIC 
ABSTRACTS 


Editorial Notice 


Commencing with the first issue of Vol. 9 in 1962 this Journal will be published bi-monthly. 
An important new feature is the intended incorporation of oceanographic abstracts and bibliographical 
references. 

Initially this section will contain only titles of, and bibliographical references to, current papers 
on oceanography, but by August it is intended to provide a full and comprehensive service by pub- 


lishing abstracts of current papers and reports on general oceanography and certain other pertinent 
related subjects. 
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